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PREFACE

This textbook presents the engineering aspects of
habitability considerations for fallout shelters. It
has been distributed by the Architectural and Engineering
Development Division, Technical Services Directorate,
Office of Civil Defense, in the interest of providing
to the engineering and architectural professions
additional depth of technical coverage in the field of
environmental engineering.

This volume confines itself to basic theories and
techniques of environmental control, considerations
related to fallout shelters. It is intended for use
by practicing professionals enrolled as students in
formal graduate level university courses under the
direction of professors well versed in the methods and
technology of shelter design.

The text is not intended to be used as the source of
detailed background information on nuclear physics,
weapons effects, or gamma radiation shielding. Current
reference materials available to the practIcing pro-
fessionals on these subjects are the EFFECTS OF NUCLEAR
WEAPONS (FNW) and TR-20 (Vol. 1), Fallout Radiation
Shielding. Familiarity with the subject matters contained
therein is recommended in the use of this book.

This text was prepared for the Office of Civil Defense
under contract with the Architectural and Engineering
Development Center, Department of Mechanical Engineering,
University of Florida, Gainesville, Florida, J. A. Samuel,
AEDC Director.

Acknowledgment for assistance and contributions is given
to the following:

PrcEessor F. M. Flanigan, University of Florida
Professor C. A. Morrison, University of Florida
Mr. F. C. Allen, Stanford Rpsearch Institute
Mr. W. F. Spiegel, Consulting Engineer
Mr. D. A. Bettge, Office of Civil Defense
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CHAPTER I

INTRODUCTION

The civil defense program of the United States is
oriented toward the development of a nationwide system
of fallout shelters. These shelters, in addition to
providing at least minimum protection against radio-
active fallout, must be capable of sustaining a habit-
able environment in which the occupants can survive.

This textbook attempts to summarize in one volume the
information which is presently available concerning
the problems involved in maintaining the chemical and
thermal environment within tolerable limits and pre-
sents methods of approach to the solution of some of
those problems. It is intended for use of practicing
professional architects and engineers enrolled as
students in one of the graduate level courses sponsored
by the Office of Civil Defense and presented under the
direction of qualified experienced instructors. Every
effort has been made to present the material in a form
readily understood by the practicing architect and
engineer and the necessity for the use of high-level
mathematics has been reduced as much as possible.

It is desirable that persons using this text have a
working knowledge of nuclear physics and weapons effect
but no discussion of these subjects has been included.
The most comprehensive work available on these subjects
is THE EFFECTS OF NUCLEAR WEAPONS (3)* which is recom-
mended as a collateral text. A basic understanding of
fallout shielding techniques would also be helpful but
is not essential to an understanding of the text mater-
ial. Courses in Fallout Shielding Analysis vre presen-
ted at frequent intervals in most areas of the United
States.

*Numbers in parentheses refer to references list at
the end of the book.
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CHAPTER II

PSYCHROMETRICS

In order to control the thermal environment of a fall-
out shelter, or any other habitable space, it is nec-
essary to supply air in the proper amount and at the
proper conditions to accomplish the desired result.
Normal atmospheric air is a mixture of several gases,
principally nitrogen and oxygen with traces of other
gases, and water vapor. It would be well, therefore;
to review some of the properties of mixtures of air
and water vapor and some of the processes involving
such mixtures.

The mixture of air and water vapor is referred to as
"moist air." If there is no water vapor in the air
it is "dry air." The water vapor in moist air is
steam, usually in a superheated state, and its proper-
ties can be determined from tables of properties of
steam, for the conditions of pressure and temperature
which exist.

The mixture will follow, very closely, Dalton's Law of
Partial Pressures, which states that the total pressure
exerted by a mixture of gases is the sum of the pres-
sures which each component would exert if it occupied
alone the volume of the mixture at the temperature of
the mixture. Thus, for moist air:

S= P + Pw (Eq. 2.1)

Where Pm = the total pressure of the mixture
Pa = the partial pressure of the dry air
PR = the partial pressure of the water vapor

Strictly speaking, Dalton's Law is valid only for
ideal gases. Howevex, the partial pressure of steam
in moist air is normally only a fraction of a pound
per square inch. When the pressure is less than about
1 psia, the ideal gas laws yield reasonably good re-
sults for steam. For air at atmospheric pressures,
the ideal gas laws will yield results which are accu-
rate to within one percent or less.

2-1



DEW POINT

In atmospheric air the water vapor is present normal!-
as superheated steam shown as state 1 on the tempera-
ture - entropy (Ts) diagram of Figure 2.1. At this
point the pressure is P,, the paztial pressure of the
vapor, and the temperature is ti, the temperature of
4he moist air. If the mixture is cooled so that the
pressure ramains constant, the temperature will ie-
crease until it reaches point c. At this point the
vapor is saturated and the mixture is commonly referred
to as "saturated air," whereas it is really only the
water vapor which is saturated.

The temperature at this point is referred to as the
"dew point of the air" but note that it is actually
the saturation temperature of the vapor for the par-
tial pressure, Pw. Obviously any further cooling will
result in condensation of some of the water vapor.

T 
w

/-d

FIGURE 2.1
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When some of the water vapor condenses, the remaining
vapor will be saturated, but at a lower temperature,
and the partial pressure will be reduced, for example
to point b in Figure 2.1.

RELATIVE HUMIDITY

Ii the water vapor is considered to be an ideal gas, the
relative humidity, 0, may be defined as the ratio of the
partial pressure of the vapor as it exists in the mixture,
Pw, to the saturation pressure of the vapor at the same
temperature, Ps.

= Pw (Eq. 2.2)
P5

Referring again to Figure 2.1, it can be seen that the
relative humidity is:

$ =I
Pd

Still considering the water vapor to follow approximately

the ideal gas laws, then:

PV = RT; PwVw = RT; PsVs = RT

$= Pw = RT Vs = Vs = ew (Eq. 2.3)

Svw R T

Where P = partial pressure in psfa
V = specific volume, cu ft/lb
R = specific gas constant, ft lb/lb-°R
T = temperature, degrees Rankine (OF + 460)
S= density, lb/cu ft

HUMIDITY RATIO

The numidity ratio, W, of the air-water vspor mixture
is the mass of water vapor, mw, per pound of dry-air,
ma. W = mw (Eq. 2.4)

ma

Again applying the ideal gas relationsh:p gives:

mw= wV PwVMw ma = paV Pavma

2-3



HUMIDITY RATIO (continued)

Where:.

mw = mass of water vapor, lb
V = volume of water vapor and dry air, cu ft
Rw = specific gas constant for vapor, 85.8 ft-

lb/lb-OR
Mw = molecular weight of water vapor, 18.016

ib/!,io 1
= universal gas constant, 1545 ft-lb/mol-OR

ma = mass of dry air, lb
Ra = specific gas constant for air, 53.3 ft-

lb/lb-°R
Ma = molecular weight of air, 28.97 ib/mol

Now:

w = mw = PwV/%T PwRa Pw= 18.016PW
ma PaY/RaT PaRw Ma-Pa 28.97 Pa

W = 0.622 (Ea. 2.5)

By solving equations 2.2 and 2.5 for Pw and equating
them it can be shown that:

_ WPa (Eq. 2.6)
0.622 Ps-

EXAMPLE 2J1: 1000 cu ft of moist air are at 14.7 psia,
80OF and 70 percent relative humidity. Calculate the
humidity ratio, dew point, mass of air, and mass of
vapor.

SOLUTION: From the steam zables at 80°F

Ps = 0.5069 psia

= 0.70 = 'V
PS

Pw = (0.70) (0.5069) = 0.3548 psia

The dew point is the saturation temperature correspond-
ing to this pressure, From the steam tables this is
69.4 0 F. The partial pressure of the air is:

Pa= P- Pw = 14.70 - 0.3548 14.3452
psia

2-4



EXAMPLE 2.1 (continued)

The humidity ratio is:

P
V - 0.622 w = 0.622 0.3548 0.0154 lb vapor

Pa 14.3452 lb dry air

The mass of dry air is:

ma = PaV - (14.3452) (144) k1000) = 71.8 lb

a (53.3) (540)

The mass of vapor can be found by the equation of state
or by the humidity ratio:

m, = PaV (0.3548; (144) (1000) = 1.105 lb

R-• (85.7) (540)

m = Wma (0.0154) (71.8) 1.105 lb

DRY-BULB AND WET-BULB TEMPERATURE

The relative humidity of moist air can be determined
by measuring the dry-bulb and wet-bulb temperatures.
The dry-bulb temperature is the actual temperature of
the air measured with a thermometer whose bulb is dry.
The wet-bulb temperature is measured with a thermometer
whose bulb is covered with a wet wick, usually made of
cotton. If this thermometer is moved through the air,
in a slng psychrometer for example, or if air is al-
lowed to pass over it, some of the water in the wick
will evaporate, assuming the air is not already satu-
rated. The evaporation will cool the thermometer bulb
causing a lower temperature reading.

The rate of evaporation depends, among other things,
on the amount of moisture already in the air. If the
air is saturated, none of the water in the wick will
evaporate and the wet-bulb temperature will be the
same as the dry-bulb temperature. The less moisture
there is in the air, the greater will be the evapora-
tion from the wick, and the more the wet-bulb tempera-
ture 'will be lowered. The difference between the dry-
bulb and wet-bulb temperatures is the "wet-bulb depres-
sion."

The wet-bulb temperature is influenced by heat and mass
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transfer rates and is therefor, not the same as the
"thermodynamic wet-bulb temperature," which is the
temperature at which water, by evaporating into moist
air, can bring the air to saturation adiabatically
(without transfer of heat) at the sam temperature.
However they are approximately equal for air-water
vapor mixtures at atmospheric pressure and temspera-
ture. This is not true for pressures and temperatures
that deviate significantly from ordinary atmospheric
conditions.

THE PSYCHROM RiC CHART

With the wet-bulb and dry-bulb temperatures given, the
relative humidity, humidity ratio and other properties
can be determined most conveniently from a psychrome-
tric chart, on which the properties of air-water vapor
mixtures are presented in graphical form. These are
available in many different forms but the one to be
used here is the ASHRAE chart No. i, developed by tie
American Society of Heating, Refrigerating and Air-
Conditioning Engineers, as-shown in Figure 2.2.

This chart uses tho coordinates of enthalpy and hu-
midity ratio, with the humidity ratio lines being
horizontaj an,' enthalpy lines at an oblique angle.
A dry-bulb te,..2eriture scale is shown as the abcissa;
however, the dry-bulb temperature lines are not exact-
ly parallel to each other and are inclined slightly
from the vertical. The thermodynamic wet-bulb temper-
ature lines are also oblique, almost, but not exactly,
parallel to the enthalpy lines. These lines are
straight but not precisely parallel to each other.
Relative humidity lines are shown at intervals of t0
percent, curving from the lower left to the upper
right. The saturation line is the curve for 100 per-
cent relative humidity. Oblique lines, again not ex-
actly parallel, are shown for volumes at intervals of
0.5 cu ft per lb of dry air. All values on the chart
are on a "per lb of dry air" basis. Also shown, at

the upper left, is a protractor, whose use will be
explained later.

Note that the chart is applicable for a barometric
pressure of 29.921 inches of mercury (14.696 psia).

The use of this chart is most conveniently explained
by resolving Example 2.1, using the chart.
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T7he enthalpy of air at 00F isotaken as zero. Therefore

the change in enthalpy from 0 F to t is:

h - C = (t - 0)

b = c t = 0.24 t (Eq. 2.8)

The iatent beat is the beat required to change the
phase of a substance. In the case of moist air it is
the beat required to vaporize the water. Once the
vaporization is accomplished this energy is stored in
the vapor and, on condensing, the energy is given up
as heat transferred to the surroundings. The latent
beat changes the phase of the water but does not change
the temperature, since vaporization and condensation
occur at constant temperzture when the pressure is
constant.

Notice that the sensible heat depends on the dry-bulb
temperature and the latent beat depends on the dew
point temperature.

The values cf enthalpy, as given on the psychrometric
chart, are the enthalpy of the mixture of dry air and
water vapor, per lb of dry air.

Thus:

b = ha + Whv (Eq. 2.9)

Wleze:

h = e+'.dlpy of the mixture, Btu/lb of dry
air

ha = enthalpy of the dry air, Btu/Ib dry air

hb = enthalpy of the vapor, Btu/lb vapor

The value of ha can be determined from Equation 2.8.
The value of hv can be determined from:

bv = 0.444 t + 1061 (Eq. 2.10)

where t is the dry-bulb temperature

2-9
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HEATING MOIST AIR

During the process of adding heat to moist air the
humidity ratio does not change so the process can be
represented by a horizontal line on the psychrometr~c
chart. The beat which must be added is:

1Q2 m=(h2 - hl) (Eq. 2.11)

EXAMPLE 2.2: Heat is added to moist air at 60OF and
55% relative humidity until the temperature is 900 F.
Determine the rate at which heat must be added for a
flow rate of 2000 cfm.

SOLUfION: The process is shown on the skeleton psy-
chrometric chart of Figure 2.3, From the chart at
state 1 read the enthalpy of 21.1 Btu/Ib dry air.
Moving horizontally to the right, locate the final
state at 90OFan the same humidity ratio of 0.006 lb
vapor/lb dry air. At this point read the enthalpy,
28.4 Btu/lb dry air.

From the chart the volume is estimated at 13.45 cu ft/
lb dry air. The mass rate of flow is:

m = 2000 cu ft/min = 149 lb dry air/
13.45 ca ftilb dry air min

Then: Q = 149(28.4 - 21,1) = 1088 Btu/min

Note that, during this process, the relative humidity
decreased from 55% to 20% although there has been no
change in the humidity ratio.

COOLING MOIST AIR

The process of cooling moist air is exactly the re-
verse of heating, provided the air is not cooled be-
low its original dew point. If, however, it is cooled
below the dew point, some of the vapor will condense
and the humidity ratio will change. Obviously the
partial pressure of the vapor will decrease as will the
dew point. The vapor which does not condense will be
saturated at the new dew point temperature.

An energy balance for this process would be:

mahI = tah 2 + 1Q2 + mwhw2 (Eq. 2.12)

2-10



COOLING MOIST AIR (continued)

Where:
= mass of dry air, lb

h') = initial enthalpy of the mixture, Btu/lb
dry air

h2  = final enthalpy of the mixture, Btu/ib
dry air

IQ2 = heat transferred during the process

mw = water vapor condensed to liquid, ma
(W1 - W2), lb water

hw2 = Enthalpy of the saturated liquid water
in equilibrium with saturated air at

atmospheric pressure, Btu/lb water

Note that h is not the enthalpy of a saturated liquid
from the stem tables, since the pressure is atmospheric
pressure rather than saturation pressure. It is approx-
imately the enthalpy of a sub-cooled liquid at atmos-
pheric pressure and the temperature of the liquid.
Values can be obtained from Table 1, Chapter2l, 1967
ASHRAE Guide and Data Book, or can be approximated
from:

hw = h + v(Patm - P)
J

Where = enthalpy of satueated water at the temp-
erature of the liquid, Btu/lb

v specific volume of saturated liquid at
temperature of the liquid, cu ft/lb

p = pressure of saturated liquid at the
temperature of the liquid, psfa

p
atm = atmospheric pressure psfa

J = 778 ft-lb/Btu

Rearranging Equation 2.12 gives:

1Q2 ma(h 1 - h2 ) - %whw 2
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COOLING MOIST AIR (continued)

IQ2 = m%(h1 - h 2 ) - ma (W1 - W2 ) hw2

1Q2 = m[(h - h2 ) - (W1 - W2 ) hw2]

(Eq. 2.13)

EXAMPLE 2.3: Moist air at 90°F and 70% relative
humidity is cooled at the rate of 5,000 cfm to a final
temperature of 700 F. Find the beat which must be re-
moved.

SOLLUION: The approximate process is shown on the
skeleton psychrometric chart of Figure 2.4. From the
chart, Figure 2.2, at condition 1, hl = 45.4 Btu/lb
dry air, W, = 0.0215 lb vapor/lb dry air, and the
volume is dlightly over 14.3 cu ft/lb (calculation
trum RT/Pa yields 14.32 cu ft/lb).

The dew point is 79 0 F so the final temperature is
below the initial dew point and Equation 2.13 would
apply.

From the chart at condition 2, hQ = 34.2 Btu/lb of
dry air and W2 = 0.0158 lb vapgr/lb dry air. From
Table 1, Chapter 3, 1963 ASHRAE Guide, hW2 38.11
Btu/lb water.

The mass flow rate of dry air is:

ma 5000 350 lb/min
14.3

The heat removed is:

IQ2 = 350 [(45.5 - 34.2) - (0.0215 -

0.0158) 38.11)

= 4020 Btu/min

ADIABATIC MIXING OF TWO STREAMS OF MOIST AIR

In ventilation and air conditioning it is often required
to mix two streams of moist air:. If the mixing is adi-
abatic the following energy balance will hold true:

mjhI + 12b2= m3 h3  = (mi + m2)h3

(Eq. 2.14)
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Where-

'3

Also:
n2,W + h , .) (ma -

1 1 2'2 "3 2 a
(Eq. 24 5)

Rearranging gives:

h2 h3  = W2 - 3 m (Eq. 2.16)
h - h W - WI m31 31 2

This indicates that the state point of tLe mixture of
the two streams lies on a straight line connecting the
two state points of the streams being mixed and divides
the lines into two parts which are in the same ratio
as the masses of dry air in the two streams.

EXAMPLE 2.4: 500 cfm of moist air at 70°F and 45%
relative humidity are mixed adiabaticaliy with 2000
cfm of moist air at 90°F and 80% relative humidity.
Determine the conditiop of the resulting mixtLre.

SOLUTION: The process is sketched on the skeleton
chart in Figure 2.5. From the chart in Figure 2.2
read point 1:

hI 48.8; W1 C.0247; V = 14.4

4-,

4 x4S W 0 00247

-~ 0. 021

X 0. IIJ
2

70 970

FIGURE 2.5
ADIABATIC MIXING OF TWO STREAMS OF MOIST AIR
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FIGURE 2.5 (continued)

and at point 2:

h2 = 24.5; W = 0.007; V - 13.5

Then:

m = 2000 = 138.8 lb dry air
1 14.4

m 2  500 = 37 lb dry air
13.5

m3  = m1 + m2  175.8 lb dry air

The mixture point is:

ml 138.8 = 0.79

mW3  175.8

or 79% of the distance from 2 to 1. From the psychro-
metric chart, after scaling off this distance, the
condition of the mixture of the two streams is 860 F
dry-bulb, 80.1 0 F wet-bulb, and 78.2 0 F dew point. The
humidity ratio is 0.021 and the enthalpy is 43.8 Btu/
lb dry air.

An alternate method of solution would be to solve
Equation 2.14 for h 3 .

h3 = mlh 1 + m2h2
mI1 + m 2

h = (138,8) (48.8) + (37) (24.5)

3 175.8

43.8 Btu/lb dry air

Then enter the chart at this enthalpy to locate the
mixture point on a straight line connecting state 1
and state 2.

ADIABATIC MIXING OF MOIST AIR WITH INJECTED WATER

In many applications it is desired to humidify a
stream of moist air by spraying water or steam into
the air in order to raise the humidity ratio. If
this process takes place adiabatically the energy
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balance would be:

mah! + mwhw =mah2

The increase in humidity ratio would be determined by:

mawI + mw maW2

mw = ma(W2 WD)

Rearranging and solving for hw yields:

hw = h2 _ hl = AhI2 - W 1 -W (Eq. 2.17)

This indicates that the final state point lies on a
line whose direction is determined by the initial
enthalpy of the injected water and which passes through
the initial state point of the moist air.

Referring now to Figure 2.2, it will be noted that the
protractor at the upper left has an outer scale of
enthalpy/humidity ratio which, by Equation 2.17, is
equal to h Thus the protractor can be used to deter-
mine the slope of the process line, once h'w has been
determined.

EXAMPLE 2.5: It is desired to raise the relative
humidtfy--! moist air from 90°F and 20% relative humid-
ity to 60% relative humidity by injecting water at
75 0 F. What will ie the final condition of the air and
how much water must be injected for each lb of dry air?

SOLUTION: Refer to the psychrometric chart, Figure 2.6,
on which the process line is shown from A to B. The
enthalpy of water at 750 is very nearly 43 Btu/Ib. This
is h in Equation 2.17 and is equal to the enthalpy/
humi~ity ratio. On the protractor draw a line, E-F
through the initial state, A. The intersection of this
line with the 60% relative humidity line locateb the
final state point, B. From the chart, Figure 2.6
determine the final condition, 72.30 dry-bulb, 6 wet
bulb and 56.70 dew point.
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The numdity ratio, W1 , at point A, is 0.006 and W at

point B is 0.0102. 2

Then:

W2 - W1 0.0102 - 0.006 = 0.0042 lb water/lb dry
air

which must be injected.

EXAMPLE 2,6: Saturated steam at 212°F is sprayed into
moist air at 750 dry-bulb and 550 wet-bulb to raise the
humidity to 750 wet-bulb. Determine the final dry-bulb
temperaturs and the amount of steam to be added.

SOLUTION: The enthalpy of saturated steam at 2120 F is
1150.4 Btu/lb, from the steam tables. With this value
of h lay in the line E-G on the protractor of Figure
2.6. Parallel to E-G draw a line through the initial
state point, C. The intersection of this line with
the 75 wet-bulb line is the final state point. From
the chart read the final dry-bulb temperature at 790 F
at point D. The relative humidity will be increased
froi, about 27% to about 83%°

The humidity ratio, W1 , at point C is read as 0.0047
and W2 at point D, is 0.0179.

W2 - Ml = 0.0179 - 0.0047 = 0.0132 lb steam/lb
dry air

Notice that in Example 2.6 the dry-bulb temperature
increased when steam was sprayed into the air, while
in Example 2.5 the dry-bulb temperature decreasid
when water was sprayed into the air. This is due to
thG fact that the water must vaporize and, in doing
so, absorbs its latent heat from the surrounding air.
Thus there is a decrease in the sensible heat and an
increase in the latent heat so that the net increase
in total heat is very small. The steam is already in
the vapor phase and at a temperature well above the
temperature of the air. Consequently the temperature
rises.

ABSORPTION OF HEAT AND MOISTURE BY MOIST AIR

In air-conditioning calculations the usual problem
is to determine the quantity, and condition, of
moist air which must be supplied to absorb given
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z-.ounts of energy and %ater from a given space.
Norai;7 the condition of the air leaving the space is
specified.

Energy gains 7ithin the ee may come fron energy
transferred across the boundarz-z- and from scurces
%ithbin the space. Those gains qhicr :re due to energy
addition only. and rot due to addition oz -Ater, are
called the "senrsible beat gain.'" Water or %a%.- var-or
may also be added across the boundearies of the spacv
or iros internal sources. -acb pound of zoisture adds
energy equal to its specific entbalpy. For steady
state conditions, the energy balance is:

)aI1 + Qs +s •mhw = aab2

Tbe moisture vss balance Is:

r-- M, MaW2

Where Qs sensible beat gain, Btu

Zm~hw = latent beat ga-n, Stu

Zm = net sum of all moisture gains, lb

Rearranging gives:
Qs +-Lmh nia(h2 -!) (Eq. 2.18)

Sm= ma(W2 - W1) (Eq. 2.19)

and:

h2 - hl Qs + EmVh (Eq. 2.20)

W2 - r1 w

This indicates that, for a given state of air leaving
the space, all possible conditions of the supply air
lie on a straight line drawn, on the psychrometric
chart, through the final state point and that the line
has a direction determined by the value of the right
hand side of Equation 2.20. This line is called the
"condition line."

EXAMPLE 2.7: Air is supplied to a space at 60°F dry-
bulb and is to leave at 80OF and 50%, relative humidity.
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The sensible heat gain is 10,000 Bta per hour and
4 ibh,"r of -ater vapor are added by tue occupants of
tne -pace. D&'r-erA'ne the required condition oa'. the
supply air and the necess.ry volume rate of

SOL2TION: The mwisture gain from the .occupants may be
ta;.en as sair.sted vapor a- 93OF -ith an enthalpy cf'l•."6t £rm "Equation 2 2rj:

i0O000 4 (O.4 370L;
L• 4

On th.e protract-or of Figure 2.7, the direction. r.f the

C.-iztion line, A-a, is es.-abl~shed. Then draA C-iD
th.--••• the liingJ sr-ate point, D, parallel to A-B.
The int-ersec•tion of this lie .•ith the *,3o dry-bulb

,ine= estt!ishes .he conditiion of the sup.ly e.ir,
state point C. Fro= ti-i cbzx.rt the supply air aidsz be

at - .aet-bulb and 811 relative humidity. The
spexcific volcme iL _1,.3 cu ft/lb dry air.

Sfýý entaipy :at-•point C is read as h- = 2-.. 1 tu/lb
dry air a ti a: D it is h2 = 31.1 Btu,ýlb dry air. The
reui'red mas of a-ir is, from Eaouation 2.18:

*,Is •n -_I0 000 4 4-_. (1100,4) = 20.57 ID/

!eo z - ht 31.1- 24.1 hr

"ae• volince rate of flo% is:

(207) 13 .) = 56 cfm
60

A very close approximation of tbe co-.ndition line could'

h been established usinr the inner scale of t''he
protract-r on the psychrometric chart. This scale is
the sensible beat/total heat ratioLHS /i{Hc.

From the previous data this ratio is:

aHs = 10 O00Q - 0.694

b 14,400

It can be seen that rhis ciose.y approxirmaes the line
A-B established by the entnalpy/humiditN, ra(:o.

Under some condirions, -;hen cooling by ve•ntilation
air. it i• recuired t.-, determine the necessarv flrw
rate of supply air at given conditions to ,maintain a
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desired condition of the air leaving the space. This
is illustrated by the following example.

EXAMPLE 2.8: Air is supplied to a space of 700 dry-
bulb and 650 wet-bulb. The dry-bulb temperature of the
air leaving is not to exceed 90 0 F. Sensible heat gains
to the space amount to 7,000 Btu/hr and the occupants
add 12.7 lb of water vapor per hour. Determine the
Act-boib temperature of the air leaving and the volume
rato uf f!ow required.

SOLUTION; The enthalpy of the water vapor is again
taken as 1100.44 Btu/lb. By Equation 2.20:

ah - 7000 + 12.7 (1100.44) = 1655
Z, 12.7

or alternately:

S . 7000 = 0.333
of Ft 7000 + 12.7 (1100.J44

Either of these may be used to establish the condition
line! A-E, on the protractor of Figure 2.7. Then
through the state point of the supply air, F, draw a
line parallel to A-E. The intersection of this linesith the 90° dry-bulb line establishes the final

condition. From the chart, read the wet-bulb temper-
ature of 80.7"F.

From the chart the specific volume of the supply air

is 13.6 cu it/lb and the enthalpy is 30.0 Btu/lb. The
enthalpy of the discharge air is 44.3 Btu/lb. The re-
quired mass of air is then:

ma 21,000 = 24.5 lb/min

(44.3 -- 30,0)

The required volume rate of flow is:

(24.5) (13.6) = 333 cfni
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PRACTICE PROBLEMS

2.1 Moist air is at a dry-bulb temperature of 90°F
and a humidity ratio of 0.014. Determine the
enthalpy of the mixture (1) from the psychro-
metric chart and (2) by the use of equations 2.8,
2.9 and 2.10.

2.2 Air is at 85 0 F dry-bulb and 40% relative humidity.
From the psychrometric chart determine the dew
point, wet-bulb, humidity ratio, enthalpy and
specific volume of the moist air.

2.3 Air is at 80OF dry-bulb and 75 0 F wet-bulb. From
the psychrometric chart determine the dew point,
relative humidity, humidity ratio, enthalpy and
specific volume.

2.4 Air is at 93 0 F dry-bulb and 72 0 F wet-bulb. From
the psychrometric chart determine the dew point,
relative humidity, humidity ratio, entnalpy and
specific volume.

2.5 Air at a dry-oulb temperature of 55 0 F and a wet-
bulb temperature of 50oF is to be heated sensibly
until the temperature is 75 0 F. For an intake air
flow rate of 1500 cfm determine the rate at which
heat must be added.

2.6 Air at 900F dry-bulb and 80% relative humidity
is passed over a cooling coil which reduces the
temperature to 75OF. For a chilled air flow rate
of 2000 cfm determine how much heat is removed.

2.7 1500 cfm of fresh air at 55 0 F and 50% relative
humidity is to be tempered with recirculated air
at 90°F dry-bulb and 80OF wet-bulb so that the
dry-bulb temperature of the mixture is 72 0 F,
How much air m..st be recircula.ed.

2.8 A shelter containing 50 persons is ventilated
with fresh air at 77OF dry-bulb and 63 0 F wet-
bul.b. The equipment sensible heat gain is 12000
Etu per hour and the occupants add 8.65 ib/hr of
wat'er vapor, Determine the rate of flow of ,ent-
liation air required to hold the dry-bulb temp-
erature of the exhaust air under 850 F. What is
the wet-bulb temperature of the exhaust air?
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CHAPTER III

PHYSIOLOGICAL RESPONSE TO THE CHEMICAL AND THERMAL
ENV I RONMENT

The purpose of a protective shelter is to enable
people to survive a threat to their life or well-
being. The threat, for purposes of this discussion,
is the effects of nuclear weapons, specifically
radioactive fallout. It is, however, axiomatic that
people must be able to live in the shelter or, in
other words, the shelter must provide a habitable
environment. Unless this condition is met, no amount
of shelter is of any use.

In order to survive a nuclear attack, the population
must survive in shelters for varying periods generally
up to two weeks. There is nothing in man's experience
which can be compared to living under these conditions.
The air raid shelters of World War II protected large
numbers of people, but only for a few hours. They
required almost nothing in the way of facilities or sup-
plies and, since there was no threat of airborne con-
tamination, ventilation was not considered to be a
problem. The crews of submarines must live in closed
environments for long periods of time, but the subma-
rine is a military weapons system in which are provided
all the equipment and facilities necessary to provide
a comfortable environment. Furthermore, a submarine
operates in the ocean, which provides a heat sink of
essentially infinite capacity to aid in the control of
the thermal environment. Space capsules are also
closed systems, but no eýpense has been spared to
create in them a comfortable environment. Both sub-
marines and spacecraft are occupied only by thoroughly-
trained, well-conditioned, carefully-selected crews.
On the other hand, a fallout shelter must be operatea
with an absolute minimum of facilities and equipment
and be occupied by a random cross section of the
civilian population without previous training or con-
ditioning.

The determination of what is an "absolute minimum" of
facilities and equipment will be based on the human
tolerance limits of heat, cold, humidity, carbon
dioxide And oxygen. The tolerance limits of carbon
dioxide and oxygen are the governing factors in the
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control of the chemical environment. The tolerance

for cold, heat and humidity provide the limitations
on control of the thermal environment.

Control of the chemical environment implies control
of the composition of the environmental air. For the
most part this means supplying air with a sufficiently
high oxygen content and a sufficiently low carbon
dioxide content to maintain life. It also involves
the elimination or control of odorous, toxic, or
explosive constituents such as carbon monoxide, hydro-
carbon fuel vapors, hydrogen, or other dangerous sub-
stances.

The composition of atmospheric air, in percent by vol-
ume, near ground level, according to the Smithsonian
Physical Tables, is as follows:

Nitrogen ......................... 78.09%
Oxygen ............................ 20.95%
Argon ............... *.. .. 0.. . 0.93%
Carbon Dioxide ................. 0.02-0.04%
Water Vapor .......... ....... . 0.2 -4.0%
Trace amounts of other gases.

This composition will vary to some extent depending
on the concentrations of carbon dioxide and water
vapor.

Table 3.1, taken from Reference 2, shows the approxi-
mate relationship between energy expenditure, oxygen
consumption, carbon dioxide production and the rate
of breathing.

The values in the table are based on a representative
values of the respiratory quotient (RQ) of 0.83. The
RQ is the ratio of carbon dioxide production to oxy-
gen consumption and varies with diet and body chemis-
try. The value of 0.83 is typical of a healthy person
on a normal diet.
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TABLE 3.1

ENERGY EXPENDITURE, OXYGEN CONSUMPTION, CARBON DIOXIDE
PRODUCTION AND RATE OF BREATHING IN MAN

Carbon
Energy Oxygen Dioxide Rate of

Pbysical Expendi- Consump- Produc- Breathing
Activity ture tion tion cu ft/hr

Btu/hr cu ft/hr cu ft/hr

Prone, at rest 300 0.60 0.50 15

Seated, sedentary 400 0.80 0.67 20

Standing, strolling 600 1.20 1,00 30

Walking, 3 MPH 1000 2.00 1.67 50

Heavy Work 1500 3.00 2.50 75

In Table 3.1, note that the rate of breathing for
sedentary people is given as 20 cu ft/hr. Since air
is approximately 21% oxygen this represents abo'it 4.2
cu ft/hr of oxygen. Yet the oxygen consumption is
shown as only 0.80 ca ft/hr. The obvious explanation
is that the lungs do not use all the oxygen contained
in the air. The data in this table indicate that only
about 19% of the oxygen is actually consumed. However,
in order to maintain the chemical composition of the
air it would be necessary to supply the amount of
ventilation air indicated by the rate of breathing
data, or about 20 cu ft/hr for each sedentary person.
Those who are more active would require more air and
would produce more CO 2 . This increase might be off-
set by persons resting in bed or sleeping. For a
sleeping person the energy expenditure decreases to
about 240 Btu/hr with corresponding decreases in
oxygen consumption, carbon dioxide production and
rate of breathing.

The minimum rates of ventilation of a shelter will be
determined by the tolerance limits of low oxygen con-
centration and/or excessive C02 concentrations. Table
3.2, from Reference 12, summarizes the effects of de-
creased oxygen concentrations.
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TABLE 3.2

EFFECT OF OXYGEN DEFICIENCY

Oxygen Content
of Air

%By Volume Effects

20.9 No effects; normal air
15 No immediate effects
10 Dizziness, shortness of breath,

deeper and more rapid respiration,
quickened pulse, especially on exertion

7 Stupor sets in
5 Minimal concentration compatible with life
2-3 Death within a few minutes

Table 3.3 also from Reference 12, summarizes the
effects of excessive carbon dioxide -t normal levels of
oxygen.

TABLE 3.3

EFFECTS OF CARBON DIOXIDE
(Normal Oxygen Content)

Carbon Dioxide
In Air

% By Volume Effects

0.04 No effects normal air
2.0 Breathing deeper, air inspired per

breath increased 30 percent
4.0 Breathing much deeper, rate slightly

quickened, considerable discomfort
4.5-5.0 Breathing extremely labored, almost

unbearable for many individuals, nausea
may occur

7-9 Limit of Tolerance
10-11 Inability to coordinate, unconscious

ness in about ten minutes
15-20 Symptoms increase but probably not fatal

in one hour
25-30 Diminished respiration; fall of blood pre-

sure;'coma;loss of reflexes, anesthesia;
gradual death after some hours
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The data from the j;receding tables must be applied with
caution since there are wide variations in individual
tolerances. Also the data given is for bealthy adults.
The literature contains almost no information on the
tolerances of t1every young, the aged, or persons in ill
health. It appears obvious the persons with respiratory
ailments would have decreased tolerance, especially to
excessive carbon dioxide. It must also be kept in mind
that the tables give the effects of decreased oxygen
witb normal CO2 and of increased C02 with oormal oxygen
whereas, in a shelter, it would be expected that the
CO2 would increase as oxygen decreased.

The tables summarize the physiological effects of de-
creased oxygen and increased carbon dioxide. They do
not, however, provide information on the length of time
during which the conditions would exist. An altered
chemical composition of the air which could be tolerated
for a short period might be more dangerous if protracted
over a longer period of time since the effects of the
gases are a function of both time and the concentration.
For example, concentrations of carbon dioxide at up to
2 or 3 percent could be tolerated by most persons for
one to two hours with some d4iscomfort but no permanent
harm. If, however, the exposure were continued over a
longer period of time the physiological effects would
become more severe and could exceed the tolerance level
of some people.

For reasons cited above, there is some divergence of
opinion concerning safe levels of oxygen and carbon
dioxide to be maintained in a shelter, for prolonged
occupancy. There is reasonably general agreement that
the oxygen concentration should not be less than 17 per-
cent by vclume. Various investigators recommend maxi-
mum allowable carbon dioxide concentrations ranging
from 0.6 percent to 7.2 percent. Experience in subma-
rines during World War II and subsequent experiments
established the necessity to keep the CO2 concentration
at or below 1 percent for continuous exposure.

Based on these, and other considerations, the recom-
mended tolerance levels for prolonged shelter occupancy
should be not less than 17 perccnt oxygen concentra-
tion and not more than 0.5 percent carbon dioxide
concentration.
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A ventilation rate of 0.4 cfm per person of fresh air
will mintain the oxygen at 17 percent: However it
requires about 2.8 cfm per person to limit the carbon
dioxide build-up to 0.5 percent, Thus the environnent
will reach the iiniting concentration of carbon dioxide
before the &xygen has been depleted to any great ex-
"tent.

The above considerations are the basis for the present
r:,•uirement of a minimum ventilation rate of 3 cfm
per person.

In consideration of the effects of the chemical envir-
onment it would be well to include carbon monoxide
even though the arount of this gas produced by the
body is negligibly small. lt results from the incom-
plete combustion of carbon in fuels. In confined
shelter spaces the prime source of CO would be tobacco
smoking, with pipes producing five times and cigar
almost 20 times as much as cigarettes. It can also
come from fuel burning devices in the shelter, from
the exhaust gases of internal combustion engines or
could be drawn into the ventilation intake from
smoldering fires outside the shelter.

Carbon monoxide is Insidious in its action since it
is invisible, odorless, tasteless, and non-irritating.
The human toleraDc', to CO is very slight. For indus-
trial purposes the allowable concentration is con-
sidered to be 100 parts per million (ppm) which is
equivalent to 0.01 percent by volume. This is based
on an 8-hour workday, five days per week. For exposure
over longer sustained periods lower limits are used.
For submarines the limit is 50 ppm or 0.005 percent and
for space cabins the design level is 10 ppm or 0.O01
percent.

Table 3.4 and Figure 3.1 summarize the effects of car-
bon monoxide on humans. (83)
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TABLE 3.4

EE-CTS OF CAa3ON MONOXIDE

Carbon 1onoxlde
: in Air

•By VoluWe Effects
0.0V Maximum allowab]e concentrztion for

industrial ventilatin, bused on
8-hour exposure each work day

0.02 Possible mild frontal headache after
two to three hours

0.04 Frontal headache and nausea after one
to two hours; occipital (rear of head)
headache after two and"one-half to
three and one-half hours

0.08 Headache, dizziness, and nausea in
forty-five minutes; collapse and pos-
sible unconsciousness in two hours

0.16 Headache, dizziness, and nausea in
twenty minutes; collapse, unconscious-
ness, and possible death in two hours

0.32 Headache an& dizziness in five to ten
minutes; unconsciousness and danger
of death in thirty minutes

0.64 Headache and dizziness in one to two
minutes; unconsciousness and danger of
death in ten to fifteen minutes

1.28 immediate effect; unconsciousness and
danger of death in one to three minutes

Increased levels of carbon dioxide would require lower-
ing the acceptable concentration of carbon monoxide.
As indicated in Table 3.3, the increased CO2 results in
deeper and more rapid breathing which, in turn, increa-
ses the absorption of CO into the body.
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be ethe;' -st~ive or eav

f rate- of evaporative hatloss

5= rate of radiat:-,Dn hzakt loss or gain

C =rate of co~vectiyo heaT Iruss rr Pain

Wbere- S is zero the bedy is in si state of thexrmal
equilibriurn. If this is accomnplished Y'ithout a-ctiva-
ting the thermoregi~ilatery necla~ss of shiverinig,
sweati-Dg. or stxo~ig vasommotor* activity, tbermal comfort
exists. If S is negatiwe th&re tkill be a decrease inl
stared eznergy anid a cold stress will ~ei.po~sedJ on the

*Vasomotor: regu1-iLating the tens.-con and sizýe of b~Iood
Vessel~s.



body: the body tissues will be chilled and the body
te-perature will decrease. Conversely, when S is I
positive there wili be an increase in stored energy,
znd a heat stress will be imposed; the body texpera-
ture will increase and the body tissue will be heated.

The rate of netabolisu, M, is the rate at which ener-
gy is being converted in the body, from the chemical
energy of food to beat and/or work. At any given time
the metabolic rate *111 be determined, for a given in-
dividual, by factors which include the anount of work
being done, the anaunt and type of clothing, and the
temperature of the environment. In addition the rate
will vary between individuals on the basis of age,
size. sex, race, acclimatization and habits.

Table 3.5 is taken fron Reference 13 and indicates
the variation in metabolic rate vith activity. The
values in the table apply for a 154 pound man.

TABLE 3.5

F G METABOLISN FOR VARIOUS TYPES OF ACTIVITY

Kind of Work Activity M Btu/hr

Sleeping 250
Sitting quietly 400

Light Work Sitting, moderate arm and trunk
movenents (desk work, typing) 450-550

Sitting. oderate arm and leg
movements (playing organ,
driving car in txaffic) 550-650

Moderate Work Sitting, heavy arm and leg
movements 650-800

Standing, light work at
machine or bekch, some
walking 650-750

Standing, rzoderate work at
-&-chine or bench, som-e
wasking 750-1000

Walkiag about with moderate
lifting or pushing 1000-1400

Heavy Work Intermittent heavy lifting,
pushing or pulling (pick
and shovel work) 1500-2000

Hardest sustained work 2000-2400
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Metabolic rates much highor than those given ii, the
table have been reported. A rate of 488& Frtu/hr has
been recorded for rowers in a crew racs. This pro-
duced exhaustion in 22 zivutes. A report-i rats o:
15,600 Btu/hr prcd--ced corplete exhaustion i.• 22
seconds.

T'he highest sstaitzed rete 'or an eighr-nov: period
would be in the order of z-bouz 1500 atL.!hr for a
seasoned worker. A traia-d athlete msight sustain 1-50C
Btu/hr or a litile more.

"Table 3.6 presents variation in tn. sensible and la--
tent beat portions of the retabolic losses witn dry-
bulb temperature, as contained in Reierence 20.

The most probable values of sensible and latent heat
losses applicable to s-helter design are under investi-
gation by the U. S. Public Health Service. Penditg the
results of various investigations it is recomended
that the values in Table 3.6 be ;ised.

TABLZ 3.6

METABOLIC HEAT LOSSES FOR SEDENTARY .kDOULTS

Dry - Bulb Sensible Latent Moisture
Temperature Heat Loss Heat Loss Evaporated

OF Btu/hr Btu/hr lb/hr

50 335 65 0.062
60 330 70 90. 067
"70 300 100 0.096
80 220 180 0.173
90 115 235 0.274

100 0 400 0.384
110 -120 520 0.499

The evaporative heat loss, E, is divided into two pro-
cesses; insensible perspiration and sweating. The
insen-sible perspiration is the diffusion of moisture
from the deeper layers of the skin and from the moist
surfaces of the respiratory system. Even for a person
at rest in a comfortable environment about 24 percent
of the total heat loss from the body is insensible
perspiration.
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The eapratlve heat loss icVs to about 40 per-
e-tof -ihe total heat losG- for ligh work and vralking
slowi, ai~ ii- nbut 50 percent tor heavy work.

Evapo-at ion ei zat-er iror_ n~ surface of the skin
occurs withiz: a feia ai~ll eter-s of the surface so
tt~a 2!1 the beat reaqu-ired for vapoý*ization is supplied
by the skin. The rzte of hea-7 les F, is proportional
t~n the ibody area involted, the saturated vapor pres-

, are3 sk-in terr~erature, the saturated vapor pressure
ai air tem "-asure, 2,nd the rla~il'e humidity of the
&tir. Wher. the 7;-Ilative hunidity multiplied by the
saturat,&d vaf'r pressaere at a-ir temperature (6 X s
is e~ial to thG s~iturated vapor pressure at skin-
temperaturo, the evaporasive beat loss becomes zero.
In, vkhar words ! ha part ial pressure of the water vapor
-,,I the air is equal io the vaxosr pressure at the skin
tempe-ratt're, 2nd there is ino prezzure differential
to cause vaporiztlion.

R~adiation tt.at ezeftargc- -ill taie piace between the
r~ody (or clothin.g) suriace adi the surrounding surf~aces:
srls cei~lirgol, flo.:,r, furai~ture, other bodies, etc.
The rate of heat transfers is proportional to the differ-
CLnc- in the fourth powers of absolute temperatures of
th:e su:rfaces and the boxdy. If true surfaces are at a
iover teimerature ihan t~te t-ody surface, the transfer
will be frm, the body to -the surface (negative R.).
LSF the surf'ace is ýt a bhlgher temperatuare the transfer
W il-1 -%-' to the b~ody (Positive R).

In the us;ual case the body will be exposed to several

surfaces at different tempe-a-tures and from various
direcli,-ns. !a th.is situation the radiation gain or
loss from each su~rface must be calculated separately
or a mean radiant temperature must be determined, which

sin effect, an axverage for all the surfaces. As
natwter- of practical application in a shelter there

would be no very hot or very cold (with respect to
body zemperature) surfaces so that the radiative heat

exchange would be insignificant.I Convection heat exchange with the air depends princi-
pally on the temperature difference between the body
surface and the air and on the -iir velocity. If the

oody surface temperature is greater than the air
temperature heat will be transferredl from the body to
the air. If, on the other hand, the air temperature
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is greater thaL the body surface temperature heat will
be transferred from the air to the body. Note in
Table 2.6 that the sensible beat loss becomes negative
at dry-bulb temperatures over 100OF iudicating sensible
heat transfer to the body. For thermal equilibrium the
latent heat loss :ust increase to dissipate this addi-
tional heat.

ERVIROMLMTAL AND PHYSIOLOGICAL STRAIN INDICES
For many years there have been attempts to devise reli-
able indices to express comfort and physiological strain
effects as single numbers. Because of the rany vari-
ables involved in environmental conditions and human
physiological reactions no index has been developed
which is reliable for all conditions, So=-- -if the
following indices indicate comfort ar a s'bjective
reaction to environmental conditions while others are
measures of physiological strain.

EFFECTIVE TMPERATURE:
One of the most widely used indices, and the oue most
cormonly applied for shelter conditions, is the effc-
tive temperature iEr) developed by a research team of
the American Society of Heati-ig and Ventilating
Engineers (ASHVE, now ASBRE). Test subjects were
exposed to atmospheres with different temperatures,
humidities, and air movemeuts and were asked to make
comparative ratings of their sensations of warmth and
coolness. The reactions were subjective and required
statistical analysis before the index as determined.
This index is presented in the for--% of a no~ogram in
the ASHRAE Guide and 1ata Book which is reproduced as
Figure 3.2. From this norogram the gr may be determined
given the dry-bulb and wet-bulb teeperatures and the
air velocity.

The effective temperature may also be approximated by

the empirical equation:

ET = 0,4 (WBT + DBT) + 15 (Eq. 3.2)

Values determined by this equation will agree within
one or two degrees with those read from the nomogram,
for air velocity of 20 feet per minute.
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The effective temperature index, like any other method,

is not completely accurate and must be applied with
care.

1. The basic observations were made witb a specific
group of people, namel; healthy, young, white,
Americans, and do not necessarily apply to groups
which do not conform to these specifications.

2. The observations relate only to sedentary condi-
tiona.

3. The index applies to normally clothed persons.
Heavy clothing would be expected to reduce the
effect of air movement.

4. The ET index is most applicable to conditions
where radiation effects are negligible.

5. It does not apply for air movements less than
20 FPM.

6. At the upper end of the scale, above 9f ET. ibe
index is not reliable since subjective sensa-tions
of beat are not very good Lpaides under cornitions
as hot as this.

7. The scale makes too much alloeance for. humidity
at lor temperatures and not enough allowance at
high temperatures.

8. The ET is based on sensations of warmth arid cool-
ness. It provides no means for determining the
physiological strain.

In Figure 3.4 is shown a revised ASBRAE comfort chart
which indicates the proportion of the test population
that could be expected to be comfortable at various
effective temperatures. This chart indicates that in
the summer the maximum number of people would feel
comfortable at 710 FET with the percentage reaching
zero at 79 0 FET. An effecttve temperature of 780 is
generally accepted as the perspiration threshold.

OPERATIVE TEXPERATURE (OT): The operative temperature
is a measure of the net thermal effects of radiative and
convective heat transfer, based on equation 3.1. It
includes the effects of dry bulb temperature, air motion,
mean radiant temperature and body surface temperature,
but does not include effects of humidity. If the mean
radiant temperature is approximately equal to the dry
bulb remperature, the OT approximates the air tempera-
ture.
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WET-BULB GLOBE-TEMPERAIRE INDEX (UBGT): The measure-
ment of air velocities for the determination of effec-
tive temperature is a difficult procedure. The ET
also does not take i~tto account any radiant heat.
The WBGT index suggests the use of a black globe in-
stead of a dry bulb thermometer since the globe
temperature will reflect the effects of air movenent
provided that rad4 heat is present.

The •BGT reading is obtained from:

WBGT - 0.7 NBT 4 0.3 GT (Eq. 3.3)

Where VBT is the vet-bulb temperature and GT is the
globe temperature.

INDEX OF PHYSIOLOGICAL kXFECT (EP): This index is
determined by increase in heart rate, skin temperature,
rectal temperature, and sweat rate. On the basis of
experimental investigations contour curves represen-
ting lines of equal physiological strain were plotted
on charts of dry-bulb vs. wet-bulb temperature. To
use these charts it is necessary to know the metabo-
lic rate. When EP is less than 200, therwal equili-
brium is possible. When EP is over 250 heat is stored
in the body and when EP is over 400 conditions are
intolerable. The air velocity used in establishing
EP was 180 FPM.

PREDICTED FOUR-HOUR SWEAT PATE (p 4 SR): This index
uses only rate of sweating as the criterion of heat
stress in environments hot enough to cause sweating.
Based on experiments by the British, empirical nomo-
grams have been constructed for predicting the sweat
rate of fit, acclimatized young men exposed to various
environments.

BELDING-HATCH HEAT STRESS INDEX (HSI): The HSI ex-
presses the heat stress in terms of the amount of sweat
which must be evaporated to maintain heat balance
(S = 0 in Eq. 3.1) compared to the maximum possible
evaporative heat loss at an arbitrarily assumed skin
temperature of 950F, An HSI of zero indicates no
thermal strain.

RELATIVE STRAIN (RS): Lee and Henschel (11) propose
an index which they call relative strain. It is a
modification of HSI based on experimental data from
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the literature. For each value of relative strain
from zero (no strzan) through 1 (maximum theoreti-
cally tolerable strain), to higher values (heat
storage in the body), a straight line can be drawn
on the psychrometric chart and compared to the ET
lines as shown in Figure 3.4. At the lower temper-
atures, tbe RS lines are steeper than the ET lines,
indicating that the RS is less affected by humidity.
At the higher temperatures the opposite is true,
Indicating a greater effect of humidity on RS than
on ET. Thus, the RS index appears to answer the
objection to the ET index of not sufficient allowance
for humidity at higher temperatures.

Reference 11 presents a chart of significant effects
of RS for a specified standard condition. The stan-
dard individual is taken as a healthy male abcot 25
years of age not acclimatized to heat. Standard
conditions are taken as activity equivalent to walking
at 2 MP, in a light suit, with air velocity of 100
FPK and wall temperature equal to air temperature.

The reference also presents charts showing significant
effects of RS for some non-standard individuals. The
time of exposure to the stress is taken to be about
24 hours. The responses from these charts have been
interpreted In the foer of Table 3.7 which has been
taken from Reference 4.

PHYSIOLOGICAL ADJUSTMENT TO HEAT STRESS

When a heat stress is imxpe? on the human body, the
blood flow to the skin is increased due to dilation of
blood vessels. Obviously the increased blood voluzrs
to the skin must result in increased volune of blood
flow or restriction of flow in other areas in order to
maintain ..dequate blood pressure. Both methods are
used by the body.

The main protection against heat stress is the activa-
tion of the sweat glands, wetting the body surface and
increasing the heat loss by evaporation. TbP rate of
sweating varies with the individual, and the degree of
acclimatization.
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TABLE 3.7

PHYSIOIDGICAL RESPONSE TO ELEWATED
EFFECTIVE TEIPERATURES

Type of Individual Effective Temp. OF
75 78 80 85 .8

Acclimated C C W W SD

Healthy 25 year old males C W SD AD F

45-65 years old C SD AD F

65 and older C SD F

Infants C AD F

Ob ase C SD F

Limited water (i.sp .3 liters) C SD F

Metabolic Disorders C W AD F

Skin Disorders C W F

Heart and lung disorders C Sr) F

Stomach Disorders C W F

Mental abnormalities C AD F

C - Comfortable

W- Warm

SP-Some Distressed

AD-All Distressed

F - Failure (a term analogous to the militVry concept
of a casualty)
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nTe tbre, 2.'incipal effects of heat stress are beat
cramps, iaat exbaustion a-id beat stroke. 5f these,
heat cramps is the least severe in that most of tIA
physiological systems remain intact. It results from
salt derletion and is characterized by severe musclz
cramps and a warm, moist skiu. The body temperature
and blood pressure remain normal. It is more common
in the younger age groups but can occur at any age.
Rest in a cool environment and ingestion of salt will
usually correct the condition.

Heat exhaustion results from the loss of vasomotor
control of the blood vessels. The skin would be pale,
cold and clammy and the body temperature would usually
be sub-normal, but might be norml or elevated. The
blood pressure would be below normal. This condition
results from a collapse of the circulatory system and
is, therefore, more serious than beat cramps. It can
occur at any age but is more common among the e~derly.
Rest in a cool env± nment, salt and water will usually
correct the condition a.lthough more extensive treatment
and medication may be ,ecessary in some cases.

Heat stroke is the most serious of the three psssible
effects of heat stress since it results from a failure
of the thermoregulatory mechanism. The subject will
have ceased to sweat and the skin would be flushed, hot
and dry. The blood pressure would be elevated. If the
condition is continued there can be a collapse of the
cardio vascular system. The main symptoms are high
fever, delirium, stupor and coma. Treatment consists
of iced water bath or wet sheets with fanning and pro-
longed rest. If professional medical help is available
drugs and/or medication may oc administered.

Under normal circumstances, beat stroke is relavively
uncommon and strikes usually among the elderly or do-
bilitated persons. However, even under conditions
where medical help is available, the mortality rate is
probably greater than 50 percent.

Loss of water by evaporation reduces the liquid volume
at a 'time when an increase is needed. In order to avoid
a reduction in tolerance to heat stress the water must
be replaced. A water loss of one to two percent of
body weight will result in increased heart rate and
increase in rectal temperatures. It is to be expected,
bherefore, that water consumption will increase during
exposure to heat stress,
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If the beat regulating systeaa cannot eliminate all of
the metabolic energy, h.ut will be stored in the
body, causing the body temperature to rise. A
brain temperature of about 108'F will probably be
fatal, but prolonged temperatures of 106OF are consi&-
ered dangerous. A maxiium body temperature risa of two
to three degrees 7' is cons Adered to be the phy!_eologi-
cal limit for healthy persons,

The physical reactions of the body to haept stress are
definitely affected by acclimatizatiou.. Persons -.zed
to living and vorking in hot envlrcunents have a
greater tolerance for heat stress due to adjustments
made by the body. However a person does not acquire
tolerance through heat exposure alone, but only if be
also performs -work. In shielter tests no evidence has
been found to indicate that beat tolerance improved
with time. This is due to the fact that work levels
of sufficient intensity and duration to improve beat
tolerance are generally not feasible under shelter
conditions. Also the increase in metabolic output while
performing work would increase the environmental beat
load and thus offset any advantage to be gained by any
improvement in tolerance.

It can be concludcd that heat acclimated persons will
tolerate higher environmental condit"ons than those
not heat acclimated before developing beat strain but
that conditions la the shelter will not, of themselves,
be conducive to acclimatization.

Investigations have shown that certain healthy persons
at rest can tolerate daily expcsures up to 9 0 0FET for
several hours provided they -an get a good night's
sleep in a cooler &;nvironment. The highest ET for rest-
ful sleep in warm weather was found to be 780, coinci-
ding with the perspiration threshold. Both human and
simulated occupancy teas !,ave shown that the fluctua-
tion of shelter effective temperatures with the diurnal
cycle is only on the order of plus or minus two degrees
from the average. Thus there would generally be little
likelihood of having a nighttime effective temperature
of 780 if the daytime ET reached 900.

In summary it can be said that below 780 to 80° FfT,
but above the range where cold stress begins, there is
little probability of widespread environmental strain.
About 820 to 850 FET the problems of heat stress become
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viore soevro ^nd tpad. 4-o en^ at04
,2"'-Aty representzi the tbr&t 0?or the incidence 0i
h•eat -r.b; an indicat 'n of tbe coatinuous presence oZ
unevaported perspiration on the s.On 2nd the begin-
niuur of the "-ver kdown of Cc'.-Ltng bY 'V

survi~val shetters has ct,,,side.•eu . F, to b,, ý-e

upper tolerance limit for bealthy persons. It nas
been, however, generally admitted that persofs ie h
certaii physical disorders, t thfolloand the very
young wonld experience dsfffcultles5 The deleteriousSeffects r.;u.Id include auxtety, sleeplessness, Z•ausea,
bext rasn ,,-nd irritabil.+y. It might be noted that

about 49 percent of the ppulation of the United States•= •is in the age groups belojw 5 years and above 45 years
E l of age and could not be classified as healthy adults.

Based or considerations outlined above t.he Office of
Civil Defense has adopted the following crtt.eria, for

S~environmental sonditions in shelters. (4)

S~"Sufficient ventilation should be provided

to assure at least a 90% reliability of
not exceeding 820 F Effective Temperature."

The "reliabilityu of ventilation system is the percen-
tag- a the year during which the spec.,fied conditions
wilil maintained,
PRYSIOLMYG1-.'.ýA JUSJT,,H.I. NTO COLD STRESS

When the bouy is ez;osed to a cold stress the blood
vessels of the skin constrict, reducing the flow of
blood, Thts decreases the heat transfer from the
interior oi the body and reduces the beat loss by
radiation and convection. The evaporative heat loss
will also be reduced.

If the constriction of the blood vessels does not es-
tablish a heat balance, shivering will occur c.ising
an increase in metabolism to balance the hea&-
If a heat balance is still not attained, the boay
temperature will begin to decrease. As the deep
bod,: temperature, closely approximated by the rectal
temperature falls below 90OF (from a normal temperature
of 98-990 F) the shiveric mechanism begins to fail
and may cease at temporatures of 80-860 F. Further
reduction could be fatal if •rolonged over a long period.
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Y •)•" •r-Az , p • p&eoule a •Just to cold
str•'&; ",zy puttng '-re '-v-;ii.n if it is availab3.e,

z- t5y i.-:--;reasing tleeir ea -4s •tivity to increase
their .ietabolic rate.

Toe problem of cold stress in a survival shelter
probably w±ll not be serious P-ecausp. of the crowded
conditions. In extremely cold weather it uy ba
S'ýcessary to decrease ventilation rates in ord-a 4O
prvent aSU Wicosforttably low effective ters tura.
This, hcwever, shouid cause no dif!culty unless the
rate is decreased below that necessarý for aeq;-ate
control of oxygen and carbon dioxide concent.rations.
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PU•ACTICE PROBLFX

3.1 50 perso.e occupy a shelter in which the dry--ulb
temperature ;s 960F. How muci heai would theze
persons add to thf shelter environment ii 20 of
them were resting la bunks, 20 were sitting qui£'-
ly, 8 were moving about and 2 were optraing a
man-til ventilation blower? What wouid be the
tctal oxygen consumption and carbon dioxide pro-
duct !?

3.2 If all 50 persons in the shelter in ProbleL 3.1
were sedentary, determine the total heaz added to
the •nvironment and the sensible and latent beat
portions. •Sw much moisturv is 'vporated into
the air?

:1,3 Deterruic the effective t-p•rature, ty use og

F 2 and by equaticn 3.2. for each of the
following conditions.

(a) 90oF dry-bulb and 80OF wet bulb
(b) 780F dry-bulb and 700F dew-point
(c) 850F dry-bulb and 65% relative humidity
(d) 820F dry-bulb and 7,5F wet-bulb
(e) 650F dry-bulb and 60°F wot-bulb
(f) 100OF dry-bulb aad 50% relative humidity

3.4 At the following dry-bulb temperatures determine
the wet-bulb temperature and relative humidity
necessary to maintain anL effective temperature of
82°F (Air velocity less than 20 fpm).

(a) 85°F
(b) 88°F
(c) 920F
(d) 103 0F
(e) 970.7
(f) 081•F

3.5 Repeat Proolem 3.4 for an 800F effective tempera-
ture.

3.6 Repeat Problem 1.4 for an 85DF effective tempera-
ture.
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VENTILATION RQI~~I

Unless a method cf controlling the physical j!environ-
meat is provided iiz the shelter systes, the tra~ziint
conditions will either approach an equilibrium state
within the accepted limits Vi toleration or ;-bey ;_il1
exceed those li"its. Conditiczs could beeeintol-
erable due to excessive carbon lieride -concentration,

low oxygen con~cnt (or both) or to excessive effective
temperature. Any one of these conditions, ora
combination of the thireq, co~ld cause a serious physio-
logical haztrd requiri.ng prampt, remedial action. If
remedial action is not possible, it vould probably
require that the shelter be abandoned.

The most fundtm*,ntal method of controlling the chemi-
cal and thermal environment ict by venellation with
fresh air, The two aspects of enzironmental control,
cfitldcal and thermal, can be cornsi~e-ed as separateI problems, although, in general, when the thermal
environm~ent is under control the chemical environment
will be maintained well wBj'in the tolerance limits.

CONTROL OF MhE CHEMICAL ELVIRONMENT

In Chapter III it was shown that the limiting concen-
trationz of 02 for long time periods is about 0.5
percent by volume, with higher percenitages permissible
f or short time exposure. OxygeL~ concencraticn for
prolongtud exposure wis shown to be 17 percent or
higher. In general the carbon dioxide will reach the
limiting concentration before the oxygen is reduced
below safe leveN.

A ventilation rate of 3 cfm per person will be adequate
to maintain the chemical composition ofC the air within
the specified tolev'ances. Vandlation of the shelter
space can occur by infiltration, naturol ventilation
or by mechanical ventilation. Any of the threce
methods could, undex the proper circumstances, provide
sufficient fresh air to control the chemical environ-
ment. However fallout shelters would probably hav'e
a limited amount of infiltration and other typeo of
protective structures might permit none at all. The

amount of ventilation by gravity circulation is, at

best, minimal for shelter areas in basements and soher



he]owground locations. Natural ventilation may,
however, oe entirely adequate for the midfloors of
high-rise buildings. In essence, however, this
discussion is concerned with mechanical or forced
ventilation.

Under certain conditions it may be necessary to shut
down a mechanical ventilation system completely.
Such conditions might be (1) excessive concentrations
of carbon monoxide in the ventilation air due to
fires or smoldering rubble near the air intake; (2)
chemical or biological agents in the ambient air;
or (3) excess concentration of fallout particles
which could be entrained in the ventilation air.
There is also the ever-present possibility of break-
down of the mechanical equipment, although, in this
caze. the ventilation system would not be "buttoned
up` aad some natural ventilation might be possible.

If no replazev-int air from outside is available, a
closed shelter will remain habitable for only a fiw
hours, unless sonaz internal method is provid• sI
supplying oxygen and removing carbon dioxide. ,;ys-
tems and methods for aceciplishing this wil1 te
discussed in Chapter X.) The' permissible -. ay time
will te determined by the time required f.r carbon
dioxide to reach the limiting concentratiioa. If the
button-up period is to last no more t#n 24 hours,
this co~nentration may be taken as 3.0 percent.

The stay time car be determined from a simrple equa-

tion:

T = 0.04 V/N (Eq. 4.1)

Where:

T = time to reach 3 percent C0 2 , hours

V = neL volume of space, cu ft

N = number of occupants

Thus, in order to have a button-up capability of 24
hours, it would be necessary to provide 600 cubic
feet e- spai.-e per person. Recall that the Nationpl
Shelter Surey uses 65 cubic feet per person as one
of the criteria, and it can be seen that it is un-
likely that a sh:.lter would have anywhere near a
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24 hour closure capability, unless a life support
system is provided.

Figure 4.1 can be used to determine the stay time
for various conditions. It was taken from Reference
2 and shows the relationship between concentrations
of carbon dioxide and oxygen,the rate of ventilation
per person, the net volume of space per person, and
the time after entry. The terminal values of carbon
dioxide and oxygen concentration are charted for
various ventilation ratcs, based on oxygen consump-
tion of 0.90 cu ft/hr/person and carbon dioxide
production of 0.75 cu ft/hr/person. These values
would be representative of persons in confined quar-
ters.

The example, shown by dotted lines, indicates that a
carbon dioxide concentration of 3.5 percent by vol-
ume will develop in 10 hours in an unventilated shel-
ter havin& a net volume of 235 cu ft/person. The
oxygen content of the air will then be 16.25 percent
by volume.

A ventilation rate of 1.5 cfm per person will maintain
carboii dioxide at about one percent and oxygen at
slightly over 19 percent. The minimum recommended
rate of 3 cfm per person, which is not much rore
difficult to attain than 1.5 cfm with forced ventila-
tion, will maintain the carbon dioxide at about 0.5
percent and oxygen at about 19.5 percent. The capa-
bil.ity of maintaining carbon dioxide at conservative-
ly low levels, with correspondingly high levels of
oxygen content, has several advantages.

1. A longer stay time is gained for continued
occupancy after shut down of the ventilating
systemt because of fire or for repair of
disabled equipment.

2. Greater physical activity in the shelter
becomes permissible.

3. Control of odcrs, and internally generated
air contaminants will be more effective.

4. Conditions with respect to temperature,
humidity, moisture, condensation, air
distribution, and air motion may be improved.
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5.. Intermittent operation of a manual ventil-
ating blower may be practicable.

INTERM'I.TTENT BLOWER OPERATION

Manually operated or muscle-driven blowers, including
the Ventilation Kits (VK), which have more than minimum
capacfty can be operated intermittently to maintain the
chemical composition of the air. Intermittent operation,
as opposed to continuous operation, is not only more
convenient but also is more likely to be within the
physical capacity of the shelter occupants. Possible
operating schedules can be obtained from Figure 4.2,
which is also reproduced from Reference 2.

On this chart, the minimum ventilation rate, in cfm
per person of fresh air, is equated to the minimum
blower operating time expressed as a percentage of an
ON-OFF cycle time, and the net free volume of shelter
space, in cubic feet per person, is equated to the
maximum blower shit down time expressed as a percentage
of the same ON-OFF cycle time.

The chart is based on a carbon dioxide production
rate of 0.80 cu ft/hr/person and a carbon dioxide
concentration which varies during the cycle from
0.67 to 2.00 percent by volume.

In the example, show by dashed lines, it is known
that the volume of shelter space is 88 cu ft/person.
The blower may then be operated on a 2-hour ON-OFF
cycle if the installed blower capacity is 4.3 cfm/
person, with a minimum ON time of 27 percent or 32
minutes and a maximum OFF time of 73 percent or 88
minutes. If the installed ventilating rate is greater
than 4.3 cfm/person or if the ON time is more than
27 perce3nt, the maximum carbon dioxide concentration
will be proportionately less than 2 percent.

CONTROL OF THE THERMAL ENVIRONMENT

The minimum recommended ventilation rate of 3 cfm
per person is sufficient to control the chemical
composition of the air within the specified limits
of tolerance. However, in most locations in the
United States the reliability of maintaining a toler-
able thermal environment with this rate of ventilation
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is very low. Therefore, in most cases, the minimumventilation rate required to meet the thermal environ-

mental criteria will be greater than that required to
control the chemical environment.

The governing factor, then, in determining required
ventilation rates is the control of thermal environ-
ment. It is trie that there may be times during cold
weather when the necessity for maintaining the chemical
composition of the air will require ventilation rates
greater than are necessary for thermal control. However,
the capacity of the ventilation system which must be
provided for the shelter will be determined by the
higher values of shelter temperature and humidity
during hot weather.

The temperature and humidity that will develop in a
shelter are determined by the heat and moisture
balance at any time. The sources of heat which
might be present are:

1. Heat losses of the occupants
2. Heat in the ventilation air
3. Heat from lights
4. Heat from mechanical equipment
5. Heat from chemical reactions in life

support systems (not operating if
ventilation system is operating)

6. Heat transfer to or from the
surrounding earth or air

7. Heat from combustion processes such as
open flames for cooking, lighting, or
heating, or from absorption type
refrigeration equipment

Sources of moisture in the shelter might include:

1. Moisture loss from occupants
2. Moisture in the ventilation air
3. Moisture from leaks in the structure
4. Evaporation from open containers of

water, food or from sanitation systems
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S5. Moisture produced by life support systems

(not operating if ventilation system is
operating)

6. Moisture from combustion of hydrogen fuels
used in cooling, lighting or refrigeration

7. Mositure from bathing and showers.

HEAT AND MOISTURE LOSSES BY OCCUPANTS

The heat losses by the body have been discussed in
Chapter III. If thermal equilibrium of the body is
assumed, the heat losses by convection, radiation,
and evaporation must equal the metabolic rate. The
average metabolic rate for sedentary persons is
generally accepted to be about 400 Btu per hour (Btuh)
per person. Tha proportion of this which is sensible
heat depends on the dry-bulb temperature of the air.
When the air temperature is equal to the skin temp-
erature, heat transfer by convectioh and radiation
becomes essentially zero, and the entire metabolic
heat will be dissipated by evaporation. If the dry-
bulb temperature of the air is greater than the skin
temperature the heat transfer will be to the body.
This heat, in addition to the metabolic heat, must be
dissipated by evaporation if thermal equilibrium is
to be maintained.

The partition of total heat loss into sensible heat
and latent heat is given in Table 3.6 as is the pDunds
per hour of moisture evaporated.

HEAT AND MOISTURE IN VENTILATION AIR

The incoming ventilation air will bring with it heat
and moisture. The total heat and the amount of water
vapor are niost easily determined from the psychrometric
chart using the methods presented in Chapter II.

HEAT FROM LIGHTS

Since windows provide almost no attenuation of gamma
radiation, the number and size of window areas in fall-
out shelters will be held to a minimum and the amount
of natural light in the shelter may well be inadequate.
The application of slanting techniques with the judi-
cious use of roof overhangs, baffle walls and planters
may result in shelter areas with large window areas
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and sufficient natural light. Shelter areas on the
mid floors of high-rise buildings may also have ade-
quate wiadow areas for natural light. However a source
of artificial light will be necessary for nighttime
operation of the shelter and in those areas of the
shelter where daylight is inadequate. This light
may come from candles, calcium carbide lamps, kero-
sene lanterns, gasoline lanterns, liquified petroleum
gas (LP gas) lanterns, flashlights, battery-powered
lighting units, incandescent lamps, or fluorescent
lamps.

Candles, calcium carbide lamps and kerosene lanterns
are readily available but provide very low levels of
light. They are also open-flame combustion devices
which consume oxygen and produce heat. Therefore they
should be used only as emergency lighting.

Gasoline lanterns produce much more light than those
previously mentioned but they are also combustion
devices. In addition they require pressurization of
a highly volatile fuel and create a serious fire
hazard.

LP gas (propane) lanterns are also combustion devices
which consume oxygen and produce heat. The fuel is
highly volatile (propane vaporizes at -40OF at atmos-
pheric pressure) but it may be piped in from a storage
tank kor cylinder) which is located outside the shelter.
The light produced is considerably greater than from
a gasoline lantern, being exceeded only by incandescent
and fluorescent lamps. A single propane lantern will
consume about 0.32 cu ft of air per minute and will add
0.013 cu ft of water vapor and 0.04 cu ft of CO per
minute to the shelter environment. The heat ouiput
is about 2000 Btu per hour based on a fuel consumption
of about 0.8 cu ft per hour. (14) Eight lanterns
would be required to provide an average illumination
level of two foot-candles in a 50-space shielter, which
would mean 320 Btuh per occupant. This much heat
probably could not be handled by the ventilation
system. However, it is possible to enclose each lan-
tern with a vented enclosure to exhaust most of the
heat and the combustion products directly to the
outside.

Although LP gas lighting systems are far from ideal
and present many design problems, they do offer a
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possible light source for shelters where no electric
power is available. The fuel has a long storage
life and the tanks have extrevely good resistance to
nuclear weapons effects (see Chapter VII).

Flashlights and bWttery-powered auxiliary lighting
units are probably suitable for temporary or emer-
gency lighting but battery life is short and the
shelf-life of dry cell batteries is only about 1-2
years. They shauld not be depended upon as a primary
light source.

The most desirable light sources for shelter use are
incandescent and fluorescent lamps. These, of course,
require a bource of electric power and a wiring sys-
tem in the shelter. They provide the greatest amount
of light and create no unusual hazards. (Most people
are aware of the normal electrical hazards.) All of
the electrical energy input to the lights will be
converted into heat. The amount of heat will be
determined by the number and watt ratings of the
lights in use (1 watt = 3.413 Btuh). A typical design
1-vel is 6 watts per person of incandescent lighting.
In this respect, fluorescent lamps would have an
advantage since they produce more light for a given
power input. A 40-watt fluorescent tube will produce
approximately the same amount of light as a 100-watt
incandescent bulb. The initial cost of the fluores-
cent system, however, is greater than the incandescent
and the wiring is somewhat more complimited.

HEAT FROM MECHANICAL EQUIPMENT

Mechanical equipment which might be located in the
shelter includes auxiliary power generators, motor
driven fans or blowers, heating oz cooking appliances.

Auxiliary power generators should not be located in
the shelter proper due to many factors, including the
problem of heat dissipation. It may, therefore, be
assumed at this point, that the ventilation of and
heat dissipation from the compartment containing the
power equipment is a separate problem.

If an electric motor is operating in the shelter the
heat equivalent of the energy output is part of the
heat load. The heat equivalent is:
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Q = MotorEWfficiRencn x 2544, Btuh (Eq. 4.2)

2544 Btuh is the equivalent of one horsepower.

The motor efficiency will vary with the size of the
motor, being as low as 50 percent for 1/8 hp motors
up to 80 percent for 1 hp motors and to about 88
percent for 10 hp w-,d up. Obviously the heat input
occurs only whilOe he motor is running so an estimate
must be made of tne percentage of time the motor will
be in use.

Strictly speaking part of the energy of the motor
driving a fan or blower is converted into kinetic
energy of the air. However, for shelter applications,
the air movement in the shelter will probably be com-
paratively low so that the kinetic energy of the air
will essentially be dissipated in turbulence. The
effect will be the same as if all of the motor energy
had been converted to heat.

If electric cooking appliances are used in the shelter
the heat input will be equal to the power consumption,
which is usually stated on the appliance, normally in
watts. However, in this case, part of the heat will
be sensible heat and part of it latent heat, due to
moisture given off from the food during cooking. As
a rule of thumb, about one-fourth of the beat may be
taken as latent heat and the rest sensible.

If gas-burning cooking appliances are used, the prop-
ortion of latent heat will be about one-third, due to
the moisture formed by the combustion of hydrogen in
the fuel in addition to the moisture from the food.

The foregoing is based on the assumption that the
cooking appliances will not be provided with an ex-
haust hood. Actually the nature of shelter living
will preclude cooking to any great extent.

HEAT AND MOISTURE FROM LIFE SUPPORT SYSTEMS

The term "life support systems" could be applied very
broadly to include any and all systems which support
life, This would include all of the systems in the
shelter and the shelter itself. However the term is
used here in The limited sense as being the systems
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for supplying oxygen and absorbing carbon dioxide
during periods when fresh air is not available.
Since such systems will not be in operation during
the time the ventilation system is on, they are of
no importance to the present discussion. They will
be discussed, however, in Chapter X.

HEAT TRANSFER TO OR FROM THE SURROUNDINGS

If the earth surrounding an underground shelter is
at a temperature lower than that of the shelter, heat
will be transferred through the walls of the shelter
to the earth. If the earth temperature is higher
than the shelter temperature the transfer will be in
the opposite direction, into the shelter. For above
ground shelters the same heat transfer condition will
occue between the shelter and the surrounding air.

Although these effects can be extremely important in
the control of the thermal environment, the calcula-
tion of the heat transferred in this manner becomes
more complicated than can be covered in this brief
summary. For the moment it will be assumed that no
heat is transferred in this manner, and the method of
calculation will be deferred for discussion in the
next chapter.

In some cases, in the design of underground shelters,
the effect of heat transfer to the earth is ignored
on the assumption (sometimes erroneous) that the earth
temperature will be at or below shelter temperature
and any transfer which does occur will be from the
shelter to the earth. This will then be a bonus, or
a safety factor, in the environmental control system.

HEAT AND MOISTURE FROM COMBUSTION PROCESSES

The heat and moisture gains from open-flame combus-
tion processes have been discussed to some extent
under the previous headings. In most cases open
flames should be avoided in the shelter wherever pos-
sible, since they not only add heat and moisture but
also consume oxygen and add carbon dioxide and, usual-
ly some carbon monoxide. They also are a fire hazard.
If it is absolutely necessary that an open flame be
used, every effort should be made to keep it outside
the shelter proper (such as in a mechanical equipment
room or in the entrance passage). If it must be in
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the shelter, it should be separately vented, or at
least located near the ventilation exhaust outlet
so that the heat and products of combustion are car-
ried out without mixing in the shelter 'air.

MOISTURE DUE TO LEAKS IN THE STRUCTURE

Water may leak into a structure for any of a number
of reasons, unless it is carefully waterproofed during
construction. During tests conducted by the Univer-
sity of Florida of 17 below-ground shelters in various
parts of the country it was found that 12 showed a
history of leakage (15). The extent of such leakage
is almost impossible to determine in advance and the
effect on the thermal environmonL -ill depend on
conditions.

If the water, which collects on the floor or other
surfaces, is evaporated due to heat transfer within
the shelter it will raise the humidity but tend to
lower the effective temperature. If, on the other
hand, the water evaporates due to heat transfer from
the outside, the effective temperature will be in-
creased. A third possibility would be for the air
next to the wetted surface to be at the same dew point
as the waxer layer, in which case no evaporation would
occur and the water layer would have no effect on the
thermal environment.

EVAPORATION FROM OPEN CONTAINERS OF FOOD OR WATER

The rate of evaporation from containers of food and
water will depend on the surface area exposed and on
the difference in the saturated vapor pressure of
moisture at the water (or :.ood) temperature and the
partial pressure of the water vapor in the air. Since
food or water stored in the shelter will be at essen-
tially the temperature of the shelter air, and since
the relative humidity will probably be quite high,
there should be very little pressure difference to
cause evaporation. If reasonable care is used in
keeping food and water covered (desirable also for
hygienic reasons) the amount of moisture from this
source should be very small. The heat of vaporiza-
tion during evaporation would be absorbed from the
surroundings, thereby tending to lower the dry-bulb
temperature. However the humidity would increase.
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MOISTURE DUE TO BATHING OR SHOWERS

The rate of evaporationi 5iring bathing activities
depends also on the pressure difference between the
saturated vapor pressure at water temperature and the
partial pressure of the water vapor in the Air. How-
ever, in this case, the wetted su~rEces exposed are
very large and, if hot water is used, "he difference
in pressures is enough to cause the evaporation of
large amounts of water. Practically speaki.ng, how-
ever, the problem involved here is largeiy academic,
since few shelters will have a sufficient supply of
water to permit any ablautions beyond face and hand
washing. If, however, provision is to be made for
such activities, the ventilation air should be ex-
hausted thruzh the bathing areas in order to carry
away the water vzpor produced and prevent its enter-
ing the living areas of the shelter.

COOLING BY VENTILATION

An analysis of the transient heat and moisture flows
for any shelter can be performed if sufficient data
are available. Such data wauld include:

1. Ambient temperature and humidity, wind velo-
city, latitude and cloud cover;

2. Ventilation rate;

3. Number of occupants and their metabolic rates;

4. Physical and thermal properties of the shelter,
adjacent structures and sui•rounding soil;

5. Heat and moisture absorbed by mechanical
cooling equipment, if any;

6. Heat and moisture dissipated by internal
equipment;

7. If the shelter is in contact with the soil,
the previous thermal h.story of the shelter
and adjacent structures in order to determine
the initial temperature distribution of the
soil.
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Analytical models have been developed which numeri-
cally treat the many aspects of this comprehensive

analysis. Predictions based on these models closely
approximate the results of simulated occupancy tests
of shelters. However the amount of input data re-
quired and the complexity of the analysis require
that the ccmputations be carried out on an electronic
"-puter.

SimpiIfied models have been developed which permit
computation by manual methods and also yield reason-
ably accurate predictions. These will be discussed
in Chapter V. They also require a large amount of
input data and the calculations can be very tirie-
consuming.

These methods are usefit' for research purposes and
for a~piication to spezific design cases but they
are inpractical for use wbere the ventilation require-
ments for a large numbar of shelters must be deter-
mined such as in the National Shelter Survey or in a
community shelter plan program. In such cases the
detailed input data is not readily available and the
tize requirements for computations become prohibitive.

A simplified method has been developed which is based
on the fact that only a small percentage of the total
metabolic heat generated in large shelters will be
dissipated by heat transfer to the shelter walls
during hot summer weather. This would be essentially
true for above-ground shelters in the core areas of
large buildings and in most below-ground shelters

*1i after the first week of occupancy. The method neglects
any beat loss or gain through the walls, floor and
ceiling of the shelter and requires that all heat and
moisture be removed by the ventilation air. Thus the
shelter is treated as an adiabatic system and the
need fcr detailed information about thermal character-
istics of the shelter and its surroundings is elimin-
ated.

The results of this method can be shown in the simple
form of the chart in Figure 4.3. The chart is based
on the metabolic heat load of sedentary people 3nd
does no' include any other beat loads.

In order to use Figure 4.3 to determine the minimum
required ventilation rate it is necessary to know the
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A
daily average dry-bulb temperature Rnd the daily
average effective temperature of the outside air for
a particular day. Then select a limiting shelter
effective temperature, say 820 FET. The daily average
outside effective temperature for the day in question
is subtracted from the shelter effective temperature.
(If the result is negative, the limiting shelter ET
cannot be met by ventilation with outside air.)

Find the difference in effect:Lve temperature on the
ordinate of the chart and move horizontally to the
curve representing the daily average outside dry-bulb
temperature. Move vertically to the abscissa to read
the required ventilation rate in cfm per occupant.

The chart can be used also to predict the average
shelter effective temperature fcr a given ventilation
rate. In this case, the chart is entered from the
value of the ventilation rate on the abscissa. Then
move vertically to the curve for the daily average
dry-bulb temperature and then horizontally to the
ordinate to read the effective temperature difference.
This, added to daily average outside effective temper-
ature gives the predicted daily average shelter effective
temperature.

Note that the method is based on daily average tempera-'
tures and results in a daily average shelter effective
temperature. The results of a large number of simulated
occupancy tests indicate that the shelter effective
temperatures do not vary more than plus or minus 20
from the average during any one day. It is probable
that these small variations from the average would have
very little effect on the physiological response of
the occupants, either by increasing the heat stress
during the hotter parts of the day or by providing a
respite during the cooler period. It is, therefore,
considered valid to use the daily average of effective
temperature as the measure of shelter environment.

Based on the results of simulated occupancy tests, the
simplified method, using 24-hour average inlet conditions,
usually overestimates the 24-hour average shelter condi-
tions in basement and below-ground locations, even near
the end of a two-week occupancy period. The estimate of
average shelter effective temperature exceeds that ob-
tained by test by a degree or more even in the final
phases of the test and exceeds it by several degrees
during the first few days of the test. The apparent
reason for this overestimation is that most below-ground
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shelters are not truly adiabatic and there is some
heat transferred through the walls of the shelter to
the surrounding earth. During the occupancy period
the earth temperature will increase, due to the heat
transferred to it, and therefore, the amount of heat
transferred in the later stages of occupancy will be
decreased. Thus the shelter will approach the adia-
batic condition after about 10 days and the simplified
method of analysis more closely approximates actual
conditions.

The simplified method can be used in conjunction with
the weather history of any location to determine the
expected number of days that a given ventilation rate
will produce a given shelter effective temperature or
less. The ratio of this number of days per year to
365 is the reliability of the ventilation capacity.
The procedure would be:

1. Petermine the hourly coincident dry-bulb and
wet-bulb temperatures for each day from the
weather history and average these over the
day;

2. Tabulate the number of days that have the
same set of coincident daily average temper-
atures;

3. Determine the ventilation rate required for

each of the sets of coincident daily average
temperatures Lo produce a given daily average
shelter effective temperature;

4. Tabulate the number of days for which a given
ventilation rate produces a given daily aver-
age effective temperature or less;

5. Determine the ratio of *his number to the
total number of days in the weather history
available.

It is probable that there are at least ten years of
weather data available for most localities. It can
be assumed that the ratio as determined above, based
on these data, would be valid for any future year.
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Analyses of this type have been made for 91 weather
stations in the United States and curves, similar to
Figure 4.4, have been developed for these stations.
The chart in F47ure 4.4 is for Louisville, Kentucky
based on weather data from 1952 to 1962. From this
chart the required ventilation rate may be read for
any given limiting effective temperature and any de-
sired reliability.

From this chart the ventilation rate to give a 90%
reliability of not exceeding 82 0 FET is read at approx-
imatcly 16 cfm per person. It can be seen that this
same ventilation rate would give a reliability of not
exceeding 85 0 FET of about 98%. The reliability of not
exceeding 80 °FET is only about 79% at this rate of
ventilation. It is apparent from these curves that
at the higher values of reliability large increases in
the ventilation rate are required to attain lower
values of limiting effective temperature. At the same
time, to attain higher reliability at a given shelter
effective temperature also would require a large in-
crease in ventilation rate. Although these facts are
generall, true for all cities for which the curves
have been developed, the rates at which the parameters
vary are significantly different. For cities in the
northern portions of the United States a given rate
of ventilation will produce a reliaLility of not ex-
ceeding 82 0 FET only slightly less than the reliability
of not exceeding 85°FET. In the southern part, espec-
ially in the gulf coast states, this would not be true.
Here a given ventilation rate may result in a high
reliability of not exceeding 85 FET but the same ven-
tilation rate would produce a relatively low reliabil-
ity of not exceeding 82 0 FET.

When the shelter conditions as predicted by the simpli-
"lied method were compared with the results of simulated
occupancy tests of basement and below ground shelter
locations, it was found that the si-iplified method over-
estimated the shelter ET by about one degree. Based
on this and other considerations, the procedure was
adjusted to reduce the predicted ET by one degrc,.
Thus the reliability curves of the type shown in Figure
4.5 were reduced one degree, the 83 degree curve
becoming a 82 degree curve, the 82 degree becoming the
81 degree curve, and so on.

The data from simulated occupancy tests suggest that
the actual environment 4n shelters would be spread
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about this adjusted estimate, with about two-thirds
of all cases being within one degree of the estimate.
Less than 20% of all cases would be underestimated
by more than one degree.

The charts from the 91 weather stations were used to
plot contour lines of equal ventilation rates over
-,he country as shown in Figure 4.6. In order to pro-
tect the small fraction of shelters for which the
environment might be underestimated by a wide margin,
and to further simplify the procedure, the areas be-
tween contour lines were regarded as zones of equal
ventilation rate with the rate for the entire zone
being that of the highest-value contour bounding the
zone. For example, the entire area between the 15 cfm
contour and the 20 cfm contour is taken as requiring a
ventilation rate of 20 cfm per person. In this way
only those shelters near the high boundary would not
be given excess ventilation.

It is vonsidered that the number of shelters for which
the system would underestimate the ventilation rate
and which, in addition, would be close to the high
boundary of the zone, would be quite small. Further-
more, the occupants of such shelters would have the
alternative of moving into areas of the building peri-
pheral to the shelter area or even to another shelter
if the thermal environment became intolerable. This
alternative would not be available if radiation lev6ls
were high enough to prohibit moving into areas with
a lower protection factor. Thus, the lives of the
occupants would be endangered only when this combina-
tion of unrelated circumstances existed.

To use the map of Figure 4.5, it is necessary only to
determine the number of occupants of a shelter and
multiply by this by the ventilation rate read from the
map in order to determine the required total ventila-
tion capacity for the shelter.

It will be recalled thf't the method is based on the
heat load of sedentary people (400 Btuh per person)
with no other heat loids considered. If other heat
loads are present in the shelter it is suggested that
they be treated as additional occupants at the rate
of one additional occupant per each 400 Btuh of addi-
tional heat load.
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VENTILATION KIT

The simplified method of determining a ventilation
rate was developed by the Office of Civil Defense
principally as a means of establishing the criteria for
the distribution of ventilation kits (VKs) to identified
and stocked shelters. The National Shelter Survey has
located many shelter areas in existing buildings which
cannot be used or in which the capacity must be reduced
because of inadequate ventilation. Most of these areas
are in basements or other below-ground locations where
natural vcntilation is unlikely to provide a habitable
environment.

Above-ground spaces are not considered for ventilation
improvement in this program since natural ventilation
may be capable of maintaining habitable •nvironments in
nearly all such areas. However, it appears probable
that there could be a need for additional ventilation
capability in above-ground areas in the regions of
high ventilatlon r2,te, especially in the Gulf Coast
states.

The Ventilation Kit is a complete mechanical ventilating
system which is portable and can be assembled and oper-
ated by untrained persons. It can be driven either
electrically or by human muscle power by means of a
bicycle-type drive unit. There are two types: either
one or two pedal drive. The number and type of VKs
stocked in a shelter will be determined by the total
ventilation capacity required.

The basic components of the VK are a 20-inch propeller-
type fan with stand and shroud, a drive module with
stand, pedals, drive chain, saddle seat(s) and handle-
bar, two rolls of 20-inch diameter, 4-mil plastic duct
(one 130-foot roll and one 90-foot roll), two plastic
duct elbows, and accessories such as duct adaptor, tape,
electric plugs, scissors, wrench, screwdriver and lubri-
cant. The VK comes sealed in two cartons, one containing
the fan assembly arid the other the drive module.

The fan is arranged for use with ducting on the dis-
charge siue so that the VK is used to exhausk hot,
humid air from the shelter. Thus, it would be placed
as far as possible from the air inlet doors and windows
in order to obtain maximum air distribution. It should
be placed so that the plastic duct is as short and as
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straight as possible in order to minirize friction
losses in the duct.

The plastic duct should be completely laid out before
taping to the fan shroud. The duct adaptor is used
to assist in sealing around the discharge duct where
it passes through a sealed doorway. Pieces of surplus
duct are cut for use in sealing openings which might
cause short circuiting of air to the fan.

The capacities of the one-man and two-man VK units are
shown in Table 4.1.

TABLE 4.1

CAPACITIES OF VK UNITS, CFM

Equivalent Duct One-Man Two-Man Motor
Length, feet Unit Unit Drive

100 2400 3000 2900
200 2100 2800 2690
300 1900 2500 2520
400 1700 2250 2370
500 1550 2000 2230
600 1450 1900 2110
800 1300 1700 1930

1000 1250 1650 1790

The capacities for pedal-driven operation are based on
a human muscular power output of 0.1 horsepower per
person. The fan motor furnished with the VK is a 1/3
horsepower, 115 volt, single phase, permanent-split
capacitor motor. The motor efficiency is about 60
percent so the output is about 0.2 horsepower, the
approximate equivalent of the two-person pedal drive.

A table can be made showing the capacities of various
numbers and combinations of one-man and two-man VK
units for the various equivalent duct lengths. The
per capita ventilation requirement from the zonal map
is used together with the number of shelter occupants,
the equivalent length of ducting, and the rated

4-24



r ;tapacity of the VK units to determine the number and
type of units required. Both the equivalent length of

- ducting and the total ventilation requirement are
rounded off to the nearest tabular entry. Thus a shel-
ter for 150 persons ina zone where the per capita
ventilation rate is 15 cfin would have a total ventila-
tion requ±rement of 2250 cfm. If the estimated

equivalent duct length is 175 feet it would be rounded
to 200 feet. The nearest tabular entry would be a
single one-man unit with a capacity of 2100 cfm. This
appears to be less than the required amount. However
the equivalent duct length was actually less than 200
feet so that slightly more than 2100 cfm could be
expected. Also the zonal map overestimated the required
ventilation requirement except for locations near the
high border.

There exists the possibility that the equivalent duct
length would be rounded downward giving a tabular
value less than the amount of ventilation required.
If this location were also close to the high border
of the zone there is a possibility that a deficit in
ventilation would result. The number of shelters where
both conditions would exist is probably vary small.

NATURAL VENTILATION

It was mentioned that the 'VK program is planned prin-
cipally for basement and other below-grade shelter
areas since above-ground shelters can probably main-
tain a habitable environment by means of natural
ventilation. This means that the ventilation can be
planned to take advantage of the building contlaura-
tion, openings, outside winds and circulation paths.

Natural ventilation would be most applicable to shelter
areas in existing buildings which have large openings
and passages necessary to move large quantities of air
with small pressure differentials. In high-rise
buildings windows could be opened at the top floors
and near ground level to provide a chimney effect for
ventilation of shelter areas on the mid-floors. If
the shelter areas are located in the inner parts of
large buildings with interior partitions the windows
at the shelter level can be opened to permit a cross-
flow of air. If the windows are open during the time
fallout is being deposited there may be some infil--
tration but the amount probably would be very small
and not reduce the protection factor of the shelter area
to any great extent.
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On the other hand, if the shelter area is on higher
floors and has no interior partition1 it would probably
be best to keep the windows closed during the time
fallout is being deposited to prevent possible infil-
tration. Once the particles have ceased to fall, it
would be safe to open the windowt;. Since window glass
provides almost no attenuation of gamma radiation,
whether the windows are open or closed has no appre-
ciable effect on the protection factor. On the mid-
floors of high-rise buildings, there would be no danger
of fallout particles on the ground infiltrating through
the open windows. Therefore, the windows corld be
opened as necessary to provide ventilation.

As a general rule it can be said that the amount of air
flow depends upon the size of the exhaust opening and
the direction of the air flow depends upon the inlet
opentng. It would thus be desirable to have as many
and as large openings as possible on the lee side of
the building in order to provide the maximum volume of
flow. On the windward side windows would be opened or
closed as necessary to provide the best directional
effect of the flow of air. It would also probably be
advantageous to open windows on the lee side floors
above the shelter area in order to draw the hot air
upward. Obviously stairwells and other vertical pas-
sages would have to open to permit the movement of air.

These same principles would also apply iu the use of
the VK units. Here the VK provides for the volume and
direction of the exhaust. The air inlet openings
would then be provided to create the required direction
of flow through the shelter. All other openings would
be sealed off to prevent short circuits in the air flow
pattern.

AIR DISTRIBUTION IN SHELTER

It has been found that a series flow of air through the
shelter is more beneficial than parallel flow. In
other words, all of the air should enter at one end of
the shelter and exhaust at the opposite end. In this
manner each person receives the full flow in series.
Obviously, there will be a variation in conditions
through the shelter with the lowest effective tempera-
ture near the inlet and the highest near the exhaust.
However, both theoretical calculations and experimental
evidence show that only at the locations near the
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exhaust will the effective temperature be as bigh as it
would be in the •zitire shelter with parallel iwow. (26)

. If the shelter area is 1oo wide to make effective use of
the series flow arrangement, it would be desirable to
erect partitions to act as baffles to direct the flow
in a serpentine path through the space. This will
create the necessary series path. However, care must
be taken to insire that dead air spaces are not created.

There are several advantages to the use of the series
flow of ventilation In additiin to the fact that the
average effective temperature of the shelter will be
lower. The principal one is the fact that the shelter
manager will have some flexibility in handling the
distribution of the occupants. Those with a lower
tolerance to heat stress can be placed near the veati-
lation inlet where conditions should be most favorVale.

In most shelters there will probably be some variation
in protection factor in the various areas. The shelter
manager will probably wish to rotate the occupants to
the areas in order to equalize as much as possible the
total rxdiation dose received. If there are also
variations in effective temperature, he can use the
same technique iD equalize the exposure to heat stress.

As was pointed out earlier, people can tolerate a high
effective temperaure better if they can get a restful
night's sleep. Thus, it may be desirable to locate the
sleeping sections of the shelter near the ventilation
inlet since the conditions there would be more favorable
for restful sleep. This would be especially advantagceus

*if sleeping must be done in shtuts. In this case the
lower metabolic rate of sleeping persons (about 240 Btuh)
would cause a smaller increase in effective temperature
of the inlet air. The air reaching those who were awake
would then provide somewhat more cooling effect than it
would if the people near the inlet were awake and more
active.
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PRACTICE PROBLEMS

4.1 It is required that the CO2 concentration in a
shelter be held below 6% for ' hours of "buttoned-
up" operation. What must be the volume of shelter
space per person? What would be the oxygen con-
centration?

4.2 If the shelter in Problem 4.1 must be capable of
24-,hour "buttoned-up" operation, what must be
the volume of space per person?

4.3 A shelter has a volume of 75 ct ft/person. How
long can it be operated without ventilation if
the C02 is not to exceed 2%? If the CO2 is al-
lowed to go to 4%, how loji can the shelter be
operated without ventilation?

4.4 A shelter is 25' x 40' x 8' and is designed for
100 persons. It is estimated that 100 cfm of
fresh air are available by natural ventilation.
How long would it take for the CO concentration
to reach 1.0%?

4.5 In the shelter in Problem 4.4 how many persons
could be shel.tered if the C02 is not to exceed
1.0% in 24 hours?

4.6 A shelter in Boston, Massachusetts, has a capacity
of 300 persons. What total ventilation rate is
required if shelter is to have a 90 percent relia-
bility of not exceeding 820 FET?

4.7 How many one-man and/or two-man PVK units would
be necessary to meet the ventilation requirement
of the shelter in Problem 4.6 if the estimated
equivalent length of duct is 475 feet?

4.8 A 500-occupant shelter is located in New Orleans,
Louisiana. How many PVK units would be required
to meet the ventilation requirements of this
shelter? The estimated equivalent duct length is
530 feet.

4.9 A shelter for 150 people in St. Louis, Mo., can be
equipped with PVK units so that the equivalent
duct length is 150 feet. One 2-man unit is supplied
for the shelter. Will this provide adequate ventil-
ation?
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CHAPTER V

HEAT TRANSFER THROUGH SHELTER BOUNDARIES

The ana!ysis of ventilation rates required to maintain
a tolerable thermal environment, as presented in the
previous chapter, was based on the metabolic heat of
sedentary persons with no other heat loads considered
and treated the shelter as an adiabatic system. However,
the actual conditions in a shelter are not this simple
and will have a modifying effect on the required venti-
lation rates. The simplified method of Chapter IV is
adequate for use in analyzing large numbers of shelters
in order to determine the basis for deployment of VK
units or for similar programs, but for sheiter design
purposes a more sophisticated approach would be desirable.

It was pointed out that there could be some shelters
wherein the ventilation would be inadequate when
determined by use of the zonal map of Figure' 4.5,
although the number of such shelters would be small.
The number of shelters at risk is considered to be
acceptable in view of the advantages of the simplilied
method. In shelter design, however, there is only the
one shelter to be considered and the possibility of
inadequate ventilation of that shelter by use of the
simplified method is not an acceptable risk. The time,
effort and professional judgment required to make a
more accurate estimation of the needs for that shelter
are justified. However, it should be remembered that
even individually designed shelters involve some degree
of risk since it would be extremely expensive to build
a shelter which had 100 percent reliability.

In tests of a 100-man underground shelter, using both
human and simulated occupants, the U. S. Naval Radio-
logical Defense Laboratory (USNRDL) found that approx-
imately 69 percent of the total heat loss from the
shelter was lost in the ventilating air for both the
human occupancy test and the simulated occupancy test.
The remainin' 31 percent was transferred to the sur-
rounding earth (16). These values would 7ary for other
types and sizes of shelters.

Extensive tests, using simulated occupants, conducted
by the University of Florida over a period of about
t-o years in various parts of the United States, have
revepled that tolerable conditions can be maintained
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most of the time by ventilation alone. The tests
were conducted under the former criterion of 850 FET
as the tolerable limit. Under severe conditions the
shelter effective temperature may exceed even this
limit but this will occur during the hottest part of
the diurnal temperature cycle and last for a short
period of time only before dropping back to more accep-
table levels as the atmospheric temperature decreases.
This, in general, is due to the favorable influence of
heat conduction to the earth surrounding the shelter.
In only one case was it not possible to maintain
conditions below the 850 FET criterion then in use
and this occurred at a location and time when the air
temperature and humidity were both high and, in addi-
tion, the ground temperature was exceptionally high.
This particular shelter was located below-ground iz
the downtown section of a large city in an area indi-
cated in Figure 4.5 as requiring a ventilation rate
of 50 cfm per person.

In analyzing the shelter thermal system the following
factors would be considered as affecting, or being
affected by, the physical environment. Some of these
have already been discussed in previous chapters.

1. The size and shape of the shelter with respect
to surface area, volume, geometry and exposure;

2. The number of occupants;

3. The duration of occupancy;

4. The metabolic characteristics of the occupants
in relation to energy expenditure, sensible
and latent heat losses, oxygen consumption,
and carbon dioxide production;

5. The physiological and psychological reactions
of the people to the immediate situation;

6. Clothing (insulating properties, absorptivity);

7. Diet (solid and liquid, including drinking
water);

8. The temperature, humidity and air motion in
the shelter space (Effective Temperature):
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9. Interior surface temperatures and moisture
condensation;

10. Temperature and humidity of air leaving the
shelter;

11. Interior heat and moisture sources other than
people;

12. Heat flow from adjacent structures or heat
sources;

13. Thermal properties of the shelter and surroun-
ding materials (conductivity, density, specific
heat, aiffusivity, moisture content);

14. Thickness and thermal properties of cover and
shielding materials;

15. Weather conditions with respect to variable
temperature, humidity, solar radiation, wind
and precipitation;

16. Initial conditions of the shelter environment
and its surroundings (temperature distribu-
tion, moisture);

17. Temperature and humidity of fresh air or air
supplied to shelter space;

18. Rate and method of ventilation with fresh
and recirculated air (cooling, heating, air
conditioning);

19. Required degree of reliability.

"If it is assumed that the mechanical engineer will not
be responsible for the design of the shelter structure,
but will design the mechanical systems only, several
of the preceding parameters are beyond his control.
They may, however, have been determined and, for design
purposes, will be essentially fixed. This would in-
clude such factors as the size and shape of the struc-
ture, the number of occupants, the shelter materials,
the shelter site and the surrounding materials and
structures. It is, 3f course, possible that the
structural engineer or architect will be able to mod-
ify some of these factors if the thermal analysis
makes it necessary or advisable.
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The duration of occupancy will be determined by the
duration of the threat. In the case of a fallout
shelter, the occupants must remain in the shelter unt!l
the intensity of radiation outside has decreased to a
safe level. For design purposes, fallout stelters are
normally analyzed on the basis of a 14-day occupancy.
The factors affecting the stay-time required cannot be
evaluated in advance, so the 14-day period is a reasonable
compromise.

The metabolic characteristics of people cannot be
changed by the design engineer other than by the effect
of environmental conditions on the sensible and latent
heat losses. However, reasonable average values have
been established and can be used for design purposes.
During shelter occupancy, however, the shelter manage-
ment can control metabolic heat, to some extent, by
limiting activities.

The physiological limits of tolerance are beyond the
control of the designer but have been reasonably well
established to the point where criteria for design
limitations are moý-e or less fixed. The psychological
limitations are, as yet, not defined nor are the
factors affecting these limits clearly understood. Here
the designer is faced with using the small amount of
information available and trying to exercise the best
judgment possible, and then hoping for the best.

The variations of atnospheric temperature, humidity,
solar radiation, wind and precipitation are beyond
the control of the designer. Consequently, there is no
control over the condition of the supply air for
ventilation. If data are available from Weather Bureau
records to establish reasonable average values of
coincident dry-bulb and wet-bulb readings, these may
be used for design purposes. Lacking these data, or
other reliable information on -the local weather
history, data for design purposes can be obtained from
Table 5.1 which gives design dry-bulb and wet-bulb
temperatures for selected cities in the United States.
These data have been abstracted from Table 1, Chapter
26, 1963 ASHRAE Guide and Data Book, which gives data
on the highest 1, 21, and 5 percent of all the hours
(2938) of the months of June through September.
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The 5 percent data means that, in a normal summer,
temperatures will be at or above those given in the
Table only 5 percent of the time, or for about 150
hours. These hours would not, of course, occur consec-
utively but would occur two or three hours at a time
during the hottest part of the diurnal cycle.

It should be emphasized that the data from this table
should be used only when more accurate information is
not available. The dry-bulb and wet-bulb temperatures
given in the table are not coincident readings but are
the maximum readings. Normally the maximum wet-bulb
temperature would not coincide with the maximum dry-
bulb temperature so that the table indicates humidities
somewhat higher than would actually exist. The Office
of Civil Defense has coincident weather data for the
cities indicated by an asterisk in rable 5.1.

TABLE 5.1

SUMMER CLIMATIC CONDITIONS

:Outdoor
Daily

5% Design 5% Design Temp.
Station Dry Bulb Wet Bulb Range

Ala., Birmingham 93 77 21*
Alaska, Fairbanks 75 62 19
Ariz., Flagstaff so 60 28

Tucson 100 71 26*
Ark., Little Rock 94 78 22*
Calif., Los Angeles 86 70 22*

San Francisco 79 62 21*
Colo., Denver 88 63 29*
Conn., Hartford 86 74 24
D. C., Washington 90 76 18*
Fla., Miami 89 79 10*

Orlando 89 79 19
Tallahassee 91 79 20*

Ga., Atlanta 91 76 20*
Savannah 92 79 18*

Hawaii, Honolulu 84 73 9*
Idaho, Boise 91 65 31*
Ill., Chicago 89 76 21*
Ind., Indianapolis 89 76 22
Iowa, Des Moines 89 76 21*
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TABLE 5.1
(Continued)

Outaoo
Daily

5% Design 5% Design Temp.
Station Dry Bulb Wet Bulb Range

Kansas, Wichita 96 75 23*
Ken., Lexington 90 76 21
La., New Orleans 91 79 14*

Shreveport 95 79 21*
Maine, Augusta 83 71 22
Mass., Boston 86 73 16*
Mich., Detroit 86 74 21*

Sault Ste. Marie 78 69 23
Minn., Duluth 79 69 20*

Minneapolis 87 74 22*
Miss., Jackson 94 78 23*
Mo., Kansas City 94 76 21*

St. Louis 93 77 18*
Mont., Butte 80 57 35
Nebr., North Platte 90 72 27*

Omaha 91 76 22*
Nev., Las Viegas 106 70 30*

Reno 89 61 45*
N. Mex., Albuquerque 91 63 25*
N. Y. Albany 85 73 22*

New York(La Guardia)87 75 16*
Rochester 85 72 23

N. C., Raleigh 91 77 21
N. D., Bismarck 87 71 27*

Fargo 85 72 26
Ohio, Cleveland 87 74 22*

Columbus 88 75 26*
Okla., Oklahoma City 95 76 21*
Ore., Portland 81 66 21*
Pa., Philadelphia 88 76 21*

Pittsburgh 85 73 21*
S. C., Columbia 93 78 21*
S.D., Rapid City 88 69 27*
Tenn., Knoxville 90 76 22*

Memphis 94 79 20*
Texas, Amarillo 92 70 28*

Fort Worth 99 76 20
Houston 92 79 17*
San Antonio 96 76 23*

Utah, Salt Lake City 91 64 32*
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TABLE 5.1
(Continued)

Outdoor
Daily

5% Design 5% Desigz Temp.
Station Dry Bulb Wet Bt:;lb Range

Vt., Burlington 83 72 24*
Va., Richmond 92 77 21
Wash., Seattle-Tacoma 77 63 22*

Spokane 85 63 26*
W. Va., Charleston 88 75 24
Wis,, Milwaukee 84 73 20*
Wyo., Casper 87 61 31

Thus the mechanical designer will be able to control
only the rate and method of ventilation and the distri-
bution of air within the shelter. To a certain extent,
he can also control internal heat and moisture sources.
By controlling these factors he can, in turn, control
the temperature, humidity and air motion within the
shelter, and, within limits, shelter surface tempera-
tures and moisture condensation.

The dissipation of heat from the sh-jlter to the sur-
rounding earth is of great importance in the control
of the thermal conditions in an underground shelter.
In general it would be expected that earth temperatures
would be less than shelter temperatures during times
of greatest heat stress and that heat would be trans-
ferred through the walls of the shelter to the earth.
Under other conditions shelter temperatures may be
below the earth temperatures and heat will flow from
the earth into the shelter. It is necessary, therefore,
to have some information concerning the properties of
the earth surrounding the shelter.

The properties of interest in heat transfer calculations
are the thermal conductivity and the thermal diffusivi-
ty. These are affected by type of soil, the density,
the moisture content and the specific heat.

The thermal conductivity (k) is a property of a mater-
ial which determines the rate at which heat will flow
through it when there is a difference in temperature
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between the two sides of the material. It has dimensions
of:

Btu Btu - ft
k ihr - ft - deg F/i or hr- ftZ'-deg F

In other words, k indicated tho amount of heat, in Btuh,
which will flow through one square foot of surface for
each foot of thickness, for each degree of temperature
difference between the two sides of the material. In
some cases values of conductivity for building materi-
als are given on the basis of an inch of thickness,
rather than a foot, so that:

k = Btu - in
hr - ft2 - deg F

These values would be divided by 12 in/ft to obtain
values based on one foot of thickness.

The heat which is transferred through a material then
can be determined by:

k A (tl - t2) (Eq. 5.1)
x

Where:

q = heat transferred, Btuh

k = thermal conductivity as defined above

A = Area through which heat f'ows, sq ft

tl - t2 = temperature difference between the two
su' aces, OF

x = thickness of the material, ft

The flow of heat will be in the direction of the lower
of the two temperatures.

This equation assumes that the decrease in temperature
is constant for each increwent of thickness, an assump-
tion which is not necessarily true. However it should be
sufficiently accurate for purposes of this discussion.
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The thermal diffusivity (eQ) is a property of the
material which is defined by:

FBtu -ftl 2S- k Err - ft2T d F ft 2
Tjp rlb3 -1 Btu r

p LYFJ Llb de~g qFY

Where:

C -=thermal diffusivity, ft 2 /hr

k = thermal conductivity Btu/hr - ft 2 - deg F
per ft

e = density, lb/ft
3

Cp = specific heat at constant pressure, Btu/lb -

deg F

The diffusivity might be considered as the ratio of the
ability of the material to conduct heat divided by its
ability to store heat.

It is apparent that it is desirable to have information
concerning the density and specific heat of the soil in
order to determine the diffusivity from the conductivity.
The diffusivity can, however, be estimated from Figure
5.1, which has been reproduced from Reference 17. It
can be seen that values of diffusivity range from about
0.005 to about 0.045 but the most values fall in the
range of 0.015 - 0.025.

The thermal conductivity of soils may be estimated from
Figure 5.2, which also has been reproduced from Refer-
ence 17. Notice that both the conductivity and the
diffusivity increase with increased moisture content.
Thermal diffusivity of a particular soil increases with
the moisture content up to a maximum, after which the
increase in thermal conductivity is overcome by increases
in density.

Values of thermal conductivity, specific gravity and
specific heat for several common materials are listed
in Table 5.2. The values are taken from the 1963
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ASHRAE Guide and Data Book, Chapter 65, Tables 2 and 3.

The specific gravity is the ratio of the density of a
substance to the density of water. Thus, the density
of the substance can be determined by multiplying its
specific gravity by the density of water, which is
taken as 62.4 lb/cu ft. The density varies with temp-
erature. For water, the standard value of 62.4 lb/cu
ft. is taken at 39.2 0 F. This will decrease to about
62.0 lb/cu ft at 1000 F and will continue to decrease at
higher temperatures.

For gases and vapors, the variationcc density with
temperature, and pressure, is very significant. Pressures
less than about 500 psi will have negligible effect on
the density of a liquid and pressures of several thou-
sand psi are necessary to have a significant effect on
the density of a solid.

Since the amount of heat transferred is dependent on the
difference in temperatares across the substance through
which the transfer will occur, the temperature of the
earth is also of concern in the analysis of the shelter
thermal environment. The earth temperature to be expected
may be estimated from soil temperature data published
by the U. S. Weather Record Center, Asheville, North
Carolina, or by information which may be locally avail-
able for the site of the shelter, In dual purpose shelters,
however, the earth temperature adjacent to the shelter
walls will change after the shelter area has been occupied
during its normal function and will thus be greater than
the temperature of undisturbed earth.

Figure 5.3, reproduced from Reference 17, shows the
maximum soil temperatures for the month of July for a
range of depths for several soil stations, Figure 5.4,
also from Reference 17, shows a typical cyclic variation
in soil temperature for an area near Lexington, Kentucky.
Shown are soil temperatures at the surface, 5 ft..depth
and 10 ft depth and the mean air temperature, solar
energy and precipitation. Note that the solar energy
reaches its peak value during June and July but the soil
surface temperature does not reach its peak until some-
what later. The peak temperature at 5 ft does not occur
until about a month after the surface peak and the peak
at 10 ft does not occur until October. This illustrates
the time required for the incident solar energy to pene-
trate into the ground. Notice also that the range of
temperature variation in the annual cycle is smaller
with successively lower depths as would be expected.
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The annual fluctuation of earth temperatures may
penetrate to depths of 40 ft. or more, depending on
the diffasivity of the soil. Temperatures also fluc-
tuate on a daily basis but this effect will penetrate
only 2.5 to 3 ft below the surface in most cases. Since
a below grade shelter would normally have at least 3 ft.
of earth cover, the diurnal temperature fluctuation of
the earth may be neglected.

The theraal environnent of any shelter is a balance of
the heat generated in the shelter, the heat transferred
to the ventilating air, and the heat conducted to and
from the surrounding materials. Each of these may
include sensible heat and latertheat components which
vary with time. The analysis of thbe shelter-earth
system is, therefore, a problem in transient heat
conduction.

Unfortunately, the transient heat conduction analysis
is very complex and is best solved by the use of a
computer. Even then it is necessary to make certain
simplifying assumptions. Shelter environments have
been analyzed by use of both digital and analog computer
techniques and th2 results show a reasonable degree of
correlation with the results of experimental measurements
using both human and simulated occupants.

On the basis of the analytical and experimental results,
some general conclusions can be stated:

1. Ventilation rates should be analyzed for heat
transfer as well as for control of the chemical
environment.

2. Shelt6rs should be located as deep as practi-
cable Lelow grade in the design of new buildings,
in order to take advantage of the lower ground
temperatures. (The protection factor would also
be increased.) The cost of mechanical cooling
may, however, preclude going to the expense of
deep excavation.

3. Shelter materials with high thermal conductiv-
ity should be used.

4. The inside surface area per person should be
made as large as possible.

From the standpoint of control of the thermal environ-
ment, shelters for a small number people will reqv:•re the
lowest ventilation rates, on a per capita basis. This
is because the shelter surface area per person will be
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TABLE 5.2

THERMAL CONDUCTIVITY, SPECIFIC GRAVITY AND SPECIFIC
HEAT OF SOME COMMON MATERIALS*

Thermal Specific Specific
Material Conductivity Gravity Heat, cp

Water 0.330 at 32 0 F 1.00 1.000
0.356 at 860 F .998 1.000

Brickwork 0.33 - 0.92 1.85 - 2.00 0.2

Cement J.017 1.5 - 2.4 0.186

Clay 1.28 0.224

Concrete 0.5 - 0.75 1.5 - 2.4 0.156

Earth (dry, packed) 0.022 1.5 0.2**

Limestone 0.3 - 0.75 2.1 - 2.8 0.217

Plaster 0.25 - 0.05 .....

Sand 0.188 1.4 - 1.9 0.191

Wood, Oak 0.085 - .125 0.65 - 0.84 0.570

Fir 0.09t 0.40 0.65

Pine 0.065 - 0.085 0.43 - 0.67 0.67

Aluminum 122.0 2.55 - 2.80 0.226

Asbestos 0.09 2.1 - 2.8 0.25

Copper (cast rolled) 224.0 8.8 - 8.9

Steel (cold drawn) 28.0 7.83 0.12

*Abstracted from 1963 ASHRAE Guide and Data Book,
Chapter 65, Tables 2 and 3

**Value not taken from Reference cited.
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large and the heat conduction to the surroundings
depends on the number of square feet through which it
can be transferred. Thus, the heat conduction per
person is large and less heat has to be removed by the
ventilation air. In larger shelters the surface area
per person is reduced and hence the per capita heat
loss to the earth is less. So more heat must be re-
moved by the ventilation air, necessitating higher
rates of ventilation.

Also, in the large shelters, the large amounts of heat
transferred to the earth will increase earth temperatures
adjacent to the shelter. This will decrease the temp-
erature differential and reduce the amount of heat which
can be transferred. Thus, heat conduction effects
decrease significantly during the period of shelter
occupancy. This is not so likely to affect the smaller
shelter to the same extent.

The energy balance for a shelter can be written in the

following simplified form:

Qg + Qg' f QV + Qw + QR (Eq. 5.2)

Where:

Qg = human metabolic heat, Btuh per person

Qg' = heat generated by lights, cooking appliances,
motor driven equipment, auxiliary power
apparatus, etc., Btuh per person

Qv heat carried out by ventilation air, Btuh
per person

Qw = conduction heat loss to surrounding media,
Btuh per person

QR = heat absorbed by cooling equipment, Btuh per
R person

The equation indicates the three possible methods of
dissipating heat from the shelter are (1) cooling by
ventilation air (2) cooling by heat conduction to the
surroundings and (3) cooling wbile dehumdifying.
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Dehumidification without cooling, such as by the use of
a desiccant, might be considered under Method 3 but
usua!.y it will tend to increase rather than decrease
the 3ffective temperature in the shelter since the
latent heat given up by the water vapor as it is
absorbed remains in the shelter, causing an increase in
dry-bulb temperature.

In the above equation, most of the factors have both a
sensible heat and a latent heat component. In addition,
the heat loss to the ventilation air and to the sur-
rounding media are time dependent so that a complete
analysis of the equation becomes very complex. However,
simplified mathematical analyses have been made for
three different cases:

1. no cGnduction heat loss to the surrounding
media

2. no ventilation heat loss (buttcned-up
condition) with infinitely large surrounding
media of initially uniform temperature, and

3. sensible heat exchange of shelter with
ventilation air and with large surrounding
media with constant and uniform temperatures.

In all three analyses it is assumed there is no heat

absorbed by cooling equipment.

CASE 1. NO CONDUCTION HEAT LOSS TO SURROUNDINGS

This analysis might apply to an underground shelter
located in a region with high earth temperatures so
that heat dissipation through the walls would be
negligible. In this case Equation 5.2 would be reduced
to:

Qg + Qg QV

In other words, all of the heat would have to be
dissipated by the ventilation air.

The human metabolic heat consists of sensible and
latent heat, the proportions being dependent on the
dry-bulb temperature of the air as indicated in Table
3.6. For a sedentary adult with a total metabolic
heat loss of 400 Btuh, the sensible and latent heat can
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be approximated by the following equations:

q s g 10(100-ta) (Eq. 5.3)

ql-. 10 ta - 600 (Eq. 5.4)

Where t is the dry-bulb temperature of the air and
is between 650 F and 110 0 F. The sensible heat balance,
then is:

10(100 - ta) + Qg' =Qv

The sensible heat lost to the ventilation air would be:

Qv = macp(ta - tv)

Where ma is the mass of air and c p is the specific
heat.

The mass of air will be the volume multiplied by the
density (or divided by the specific volume). If the
volume is given in cfm per person then:

ma = G/Va

For standard air cp is 0.244 and V is 13.5

macp = (G)(60)(0.244)/13.5 1.08 G

I[ Btu lb 1 Btu[n LAhr ib - OFJ h-r-UF-

Where:

G = ventilation rate, cfm per person

Cp = 0.24 Btu/lb - OF for air

Va = average specific volume of air, cu ft/lb

Now:

10(100 - ta) + Qg= 1.08 G (tE - tv)
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Where ta is the dry-bulb temperature of the shelter
air and tv is the dry-bulb temperature of the ventila-
tion air. Rearranging and solving for ta gives:

_ Qg' + 1.08 G tv + 1000
ta - 1.08 G + 10 (Eq. 5.5)

Assuming that the heat gain from lights and other
equipment is all sensible heat, the latent heat balance
is:

lOta - 600 = mahfg (Wa - WV)

Where:

ma = mass of dry air = 60 G/Va = lb/hr

hfg = latent heat of vaporization of water,
taken as approximately 1060 Btu/lb

Wa = humidity ratio of shelter air, lb vapor/lb
dry air

Wv = humidity ratio of ventilation air, lb vapor/

lb dry air

Then:

lOt - 600 =60 Gl160 (Wa - Wv)o4700 G (Wa - WV)
a

Rearranging gives:

W 10 ta - 600 (Eq. 5.6)a Wv + 4700 G

Where Wv is assumed to be constant.

An example will serve to show the application of
equations 5.5 and 5.6 in the determination of shelter
conditions.

EXAMPLE 5.1: A shelter is supplied with air at 80OF
db and 70OF wb at the rate of 10 cfm per person.
The heat gain from lights and other equipment is 30
Btuh per person, all sensible heat. Determine the
condition of tie air in the shelter.
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SOLUTION:

From Equation 5.5:

ta - 30 + (1.08)(10)(80) + 1000 - 91°F
(1.08)(10) + 10

From the psychrometric chart, Wv = 0.0135 ib vapor/lb
dry air. Then, from Equation 5.6:

Wa - 0.0135 + (10)(91) - 600 - 0.0135 + 0.0066
(4700) (10)

Wa - 0.0201 lb vapor/lb dry air

Again going tc the psychrometric chart, at 91OF db and
W - 0.0201, the wet-bulb temperature is 80.4 0 F and the
dew point if 770 F. From Figure 3.2 the effective
temperature is estimated at 84.5 0 FET.

By Equation 3.2 the effective temperature is calculated
as:

ET = 0.4 (91 + 80.4) + 15 = 83.56°F

which agrees with the value read from Figure 3.2 within
one degree.

CASE 2. NO VENTILATION HEAT LOSS

The simplified mathematical analysis has been made for
a "buttoned-up" shelter (no ventilation) located deep
underground so that heat exchange near the surface
does not aff6ct the shelter environment. This assump-
tion will be reasonably accurate for shelters located
3 feet or more below the ground surface, except in
cases of large surface temperature increases due to
surface mass fires.

The transient heat conduction equations have been solved
for three simplified shelter models in order to calcu-
late the change in shelter dry-bulb temperature and
inner surface temperature from an initially uniform
earth temperature.
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The three simplified models are:

1. Ora-dimensional plane wall model. This model
may be applied to large shelters where corner
heat flov effect is negligible;

2. Cylindrical model, which will approximate a
long tunnel;

3. Spherical model, which will give a good
approximation for a small, family size shel-
ter.

Empirical functions have been developed for use in
mathematical analyses for each of these simplified
models (18, 19, 20). The first of these is a dimen-
sionless temperature rise function, values of which
are plotted in Figure 5.5 for the .hree models; f for
the plane wall model, f2 for the cylindrical model, and
f 3 for the spherical model. They are shown plotted
against a dimensionless time function, T, which can be
computed from:

T = /6 !a 2  (Eq. 5.7)

Where:

T = time function, dimensionless

S= thermal diffusivi.ty of soil, ft 2 /hr

0 = elapsed time, hours

a = appropriate value of equivalent radius of
the shelter model used, feet

The equivalent radius of the shelter model may be deter-
mined approximately from the following:

(Plane Wall Model) a1 = -Si (Eq. 3.8)

(Cylindrical Model) &2 = VSc/r (Ec.. 59)

(Spherical Model) a3 = (Eq. 5.10)

Wherg:

Si = interior surface area of shelter, square
feet
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Sc cross-sectional area of shelter, square feet

In order to dissipate a certain amount of heat by con-
duction through the shelter walls, the temperature
difference between the interior and the exterior of the
wall must be sufficient to provide the necessary ther-
mal potential to effect the heat conduction, according
to the basic heat transfer equation, Equation 5.1. If
it is assumed that the earth temperature remains con-
stant and the initial inner surface temperature is
equal to the earth temperature, the rise in inner sur-
face temperature can be expressed by:

Qa
tw -to Si k f (Eq. 5.11)

Where:

tw = final temperature of the inner surface, OF

to = initial temperature of the inner surface, OF

Q = total heat generated in the sealed up shelter,
Btuh

a = equivalent radius of the shelter model,
determined from Eq. 5.8, 5.9, or 5.10 for
the model being used, feet

Si = inner surface area of shelter, square feet

k = thermal conductivity of the soil, Btuh/ft -OF

f = value of temperature rise function for the
model being used from Figure 5.5, dimension-
less.

It has been found that the dew point temperature of
the buttoned-up shelter air will be approximately the
same is the average inner surface temperature and the
dry-bulb temperature will be within a few degrees of
the inner surface temperature (20). Thus the shelter
effective temperature will be almost equal to the inner
surface temperature under sealed-up conditions.

It is probable that, under "buttoned-up" conditions,
the shelter air will quickly become saturated ant. willI emain saturated as long as no ventilation air is
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supplied. The shelter air will probably be at a some-
what higher temperature than the wall temperature and,
consequently, condensation on the inner surfaces is to
be expected. This is not necessarily detrimental as
far as the thermal environment is concerned, although
it may have an adverse physiological or psychological
effect on the occupants. The only way to avoid conden-
sation is to maintain the dew point temperature of the
air below the temperature of the interior surfaces.
During a sealed-up period this probably cannot be
accomplished without some method of mechanical cooling.

EXAMPLE 5.2: Determine the effective temperature of a
shelter after 24 hours of sealed up operation. The
shelter is 10 ft long by 8 ft wide by 7 ft high. There
are 6 occupants with an average metabolic rate of 400
Btuh per person. The earth temperature is 75OF and
the soil diffusivity is 0.02. The conductivity is 0.75.

SOLUTION: For this small shelter the spherical model
is used. The inner surface area is:

Si = 2 [(10)(7) + (8)(7) + (10)(8)] = 412 sq ft

The equivalent radius, by Equation 5.10, is:

a =412/47r 5.72 ft

The dimensionless time function is, by Equation 5.7:

T - (0.02)(24) = 0.0147S~32.7

From Figure 5.5 the temperature rise function, f 3 is
0.122. Then, by Equation 5.11:

tw - to (6)(400)(5.72) (0.122) 5.40F= (412)(G.-75• 012 .°

Assuming that the initial inner surface temperature is
equal to the initial earth temperature gives:

tw =to + 5.4 0 F = 80.4 0 F

The shelter effective temperature can be taLen as 80.4 0 F.
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EXAMPLE 5.3: An underground shelter, located at Lex-
ington, Kentucky, is 100 ft long by 100 ft wide by 8
ft high, and contains 1000 occupants with an average
metabolic rate of 400 Btuh per person. The shelter is
in clay soil with 3 ft of earth cover. Determine the
effective temperature after 48 hours of buttoned-up
operation during the month of August.

SOLUTION: Assume a soil moisture content of 20% and
from Figure 5.1, Curve C estimate the diffusivity as
0.018 and from Figure 5.2, Curve H-C (11) estimate the
conductivity as 0.73.

The average depth of the shelter is about 7 ft. From
Figure 5.4 the soil temperature at a 7 ft depth in
August is estimated as 660 F.

The inner surface area of the shelter is:

Si = 2 1(100)(8) + (100)(8) + (100)(100) =

23,200 sq ft

Taking the plane wall model, the equivalent radius is,

by Equation 5.8:

a =-23,20 = 152 ft

T - (0.018)(48) 0,000037232600 =0007

This is off the scale in Figure 5.5 so, by extrapola-
tion, fl is estimated to be about 0.03. Now:

-w to =(1000) (400) (152)

0 (23200)(0.73) (0.03) = 108°F

and:

tw = to + 108 = 66 + 108 = 1740F

In this example the answer obtained is obviously impos-
sible. A temperature of 174 0 F cannot be produced by
a heat source of only about 100 0 F, the occupants of
the shelter. The reason for this is the value of f
which was obtained by extrapolation. For almost any
realistic time duration of buttoned-up operation, the
value of T for a plane wall model will be off scale
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in Figure 5.5. Thus the values of fl will be question-
able and can lead to unreliable solutions when the
plane wall model is used. In the previous example the
only reliable conclusion which can be drawn is that the
shelter in question would have to have ventilation, or
some means of cooling in addition to conduction to the
earth long before the end of the 48 hour period.

It may be noted that the time involved, in this case,
haa very little effect on the solution. A reduction of
time, even to as little as one hour, would not reduce T
enough to have much effect on fl, since, at low values
of T, the curve in Figure 5.5 becomes almost horizontal.
Thus fl will not be reduced enough to reduce the temp-
erature rise to acceptable levels. The problem here, of
course, is that there is not enough surface area per
person to dissipate the metabolic heat to the surroun-
ding earth.

CASE 3. VENTILATED SHELTER WITH EARTH CONDUCTION EFFECTS

In Case 1 it was assumed that there was no heat conduc-
ted to the earth and cooling was by ventilation only.
In Case 2 it was assumed that there was no ventilation
and cooling was by conduction to the earth only. In the
normal operation of an underground shelter the thermal
environment will probably be affected by both ventila-
tion and earth conduction effects. The simplified
analytical solution for this condition is developed in
Reference 18 and modifications of it are presented in
References 17 and 20.

The heat balance for this condition is:

Qg + Qg' = QV + Qw (Eq. 5.12)

Where the symbols are as defined for Equation 5.2 and
it is assumed that there is no neat absorbed by cooling
equipment.

It may be assumed that heat from lights and mechanical
equipment will be generated at a reasonably steady rate.
However, all of the other terms are time dependent.
Equation 5.12 can be written in the form:

10(100 - ta) + Qg' = 1.08 G(ta - tv) + h Sp(tw - ta)

(Eq. 5.13)

Where Q has been replaced by the sensible portion of
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the human metabolic heat, Equation 5.3; Qv has been
replaced by 1.08 G (t - t ) as explained in the deri-
vation of Equation 5.3; Qw has been replaced by h S(tw - ta) where:

h = surface heat transfer coefficient, Btuý(hr)(ft )(CIF)
S - inner surface area of shelter, square feet

P per person

tw = inner wall temperature, OF

ta = shelter air temperature, OF

The last term is the heat transferred from the shelter
air to the wall due to a difference in temperature
between the air and the surface of the wall. It is
apparent that this must also be equal to the heat con-
ducted through the wall to the earth.

For an initially unoccupied shelter it may be reason-
ably assumed that the air temperature and the wall
temperature are very close to being the same and that,
furthermore, they will be very close to the temperature
of the earth. As occupants and mechanical equipment
dissipate heat to the shelter air the temperature will
rise. The increased air temperature will cause a
transfer of heat to the walls, and through the walls
to the earth. At the same time ventilation air will
remove some of the heat generated in the shelter.
Obviously the shelter air temperature will vary with
time and the solution of Equation 5.13 becomes quite
complex.

In order to arrive at a method of solution certain
simplifying assumptions must be made, in addition to
those made previously.

1. No temperature gradient within the shelter air;

2. No condensation of water vapor on the inner
wall surface;

3. The body heat loss is linear with respect to
air temperature, as indicated in Equations
5.3 and 5.4;
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4. The surface heat transfer coefficient is
uniform for the inner wall surface;

1 5. The temperature of the ventilation air is
constant.

With these assumptions the solution can be obtained in
jf terms of parameters which have been empirically deter-

mined. The rise of the shelter air dry-bulb .empera-
ture and inner surface temperature is determined in
Serms of a 4imensionless temperature rise function,

f, 0 2, or 03 corresponding to the plane wall model,
the cylingrical model and the spherica model respec-
tively. P1 is plotted in Figure 5.6, ý2, in Figure
5.7 and $3 in Figure 5,8. All three figures have been
redrawn from Reference 20.

In these figures, 0 is plotted as a function of T and
N. The dimensionless time functiog, T, has been pre-
viously defined as being equal to<e/a 2 , where the
appropriate value of a would be inserted for the shel-
ter model being used. The second parameter, N, is
also dimensionless and involves the heat transfer
characteristics of the shelter. For a 400 Btuh occu-
pant, it is evaluated by

N h [E]L1.08 G +10 + hS1 J (Eq. 5.14)

Where all the terms are as previously defined.

With values of T and N having been determined, enter
the appropriate chart to find 0.

Then:

tw - to = Uo0  (Eq. 5.15)

Where:

t w =final temperature of inner surface, 0F

t f initial temperature of inner surface, OFw

Uo is defined as:

Uo= Q&I + (10)(100-to) + 1.08 G(tu- to) (Eq. 5.16)
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Each term in the numerator of Equation 5.16 has dimen-
sions of Btuh per person. The denominator has dimen-
sions of Btuh per person per degree F. Consequently
Uo has dimensions of degrees F, which is r-equired for
Equation 5.15 to be dimeusionally consist#-nt.

Now another Jimensionless parameter is defin,rd as:

=h Sp (Eq. 5.17)1 .08 G + 10 + h S p

The rise in dry-bulb temperature of the shelter air
may now be cowputed from:

ta - to = [(1 - n) + nd] U0  (Eq. 5.]8)

Once the dry-bulb temperature is known, the effective
temperature can be determined if the humidity ratio
is known. Since it was assumed that there was no con-
densation of water vapor, the latent heat traasfer
can be assumed to be small, and the humidity ratio can
be approximated by Equation 5.6:

10 t - 600 (Eq. 5.6)

Wa = Wv + 4700 UG (Repeated)

EXAMPLE 5.4: Use the shelter as described in Example
5.3 and determine the effective temperature at the end
of 14 days occupancy if the ventilation rate is 10 cfm
per person, and 30 Btuh per person is added by lights
and mechanical equipment.

SOLUTION: From Example 5.3, ,= 0.018, k = 0.73, Si =
23p260 sq ft, a = 152 ft, and t = 66 0 F. From Table
5.1 the 5% summer climatic conditions at Lexington,
Kentucky are 90OF dry-bulb and 760 wet-bulb, which can
be used as the condition of the supply air.

T = e(0.018) (14) (24) = 0,00026
&-• 23,200 0

Sp= 23,200/1000 = 23.2 sq ft/person

The surface heat transfer coefficient, h, is assumed
at 1.5 Btu/(hr) (sq ft) (OF). Then:

N 152 (1.08)(10) + 10 1
N =1.5 I[ (1.08)(10T +M0 + (I.5)(23.2)= 116.7
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NF-T-= 116.7 VTJ ii.. = 1.88

From Figture 5.6, 6 = 0.67

U= 30+(l0)"100 - 66* + (1.08)310)(90 - 66)= 30.2
o (1.08)(10) + 10

tw- to = (3Oe.2)90.67) = 20.3 0 F

66 + 20.3 = 86.30F

(1.5) (23.2)
n = (1.08)(10) + 10 + (1.5)(23.2) = 0.625

ta- to = [1- 0.625) - (0.625)(0.67)] 30.2 240F

ta =6 + 24 =90OF

From the ASHRAE psychrometric chart:

Wv= 0.0162

and by Equation 5.6:

(10)(90) - 600
Wa = 0.0162 + -4700)(10) = 0.02259

Then, from the psychrometric chart, at 90OF dry-bulb
and humidity ratio of 0.02259, the dew point As 80.3 0 F
and the wet-bulb is about 82.5 0 F. From Figure 3.2, the
effective temperature is about 850 F.

Checking the results of this example against the curves
of Figure 4.4 (the conditions at Lexington, Kentucky,
should be very closely the same as at Louisville) shows
that a ventilation rate of 10 cfm would give a relia-
bility of not exceeding 850 FET of about 95 percent.
This is read from the 860 curve in Figure 4.4 since
the figure is based on the unadjusted method. Since
the 5 percent design data were used in the example
problem this is about what would have been expected.
Actually the 5 percent design value is based on only
the four summer months go that the reliability based on
365 days would be about 98 percent.

In order to have a reliability of 90 percent of not
exceeding 82 0 FET Figure 4.4 indicates a ventilation
rate of about 13 cfm per person. When a rate of 1A
cfm per person is used in Example 5.4, however, there
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is no significant improvement in the shelter effective
temperature. This is due to the difference in the
condition of the ambient air for the two methods. in
the example problem, the values from Table 5.1 cf 900
dry-bulb and 760 wet-bulb give a still-air effective
temperature of 820. Using this value of outside ET
and an inside ET of 820 also, Figure 4.3 indicates
that the ventilation rate would have to be infinite.

This illustrates the danger of using the data from
Table 5.1 for design purposes. If, however, they are
used the error involved should be on the safe side
since ventilation rates, in gaveral, would be over-
estizated. For an underground shelter in contact with
the earth the ventilation rate determined by a Case 3
solution should be loss than that given by the simpli-
fied method of Chapter IV due to the effect of heat con-
duction to the earth, provided that the inlet air condi-
tions are the same in both methods.

The preceding methods of calculation are based on
simplified models and therefore, can be relied on only
for approximations of the thermal conditions to be
expected in a shelter. However the solutions obtained
by using them have been shown to correlate very closely
with the results of both human and simulated occupancy
tests (22).

From the discussion it is evident that the therral
conditions in the shelter will be influenced to a large
extent by the thermal properties of the soil surroun-
ding the shelter and the initial earth temperature.
The length of time the shelter is occupied (stay time)
will also affect the temperature rise to be expected.
Both the thermal conductivity and the diffusivity vary
with the moisture content of the soil. It is very
improbable that the actual moisture content of the
soil at the time the shelter must be occupied can be
predicted with any degree of certainty. Also it is
pcssible only to make an estimation of the probable
ezrth temperature and the conditions of the ambient
air which might exist at the time the shelter is needed.
Furthermore, although a shelt-ýr may be designed for a
certain capacity, there is no assuranee that the number
of occupants will be exactly the number anticipated.
For these reasons an approximation of the thermal
conditions to be expected, is the best that can be
done at the design stage and the methods presented here
should be adequate for the purpose.
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The preceding disc'ussio &a hu htI h at
conduction effect may be adeqnate, In cc IJinctiol3 with
sau9ficient ventilati.on air, to naizz.'iin ýL Z-oerable
the, Il ernvirc~1eat. !z L below g~r&Z- sh~lter. Thewre-
fsare, in- locating %eelorw g~rade shelters, ev'ery' effort'
should be made to sele ;t a location whftch viil Provide
a relatively low earth texperature, and advantage
sthould bee taken of any available shade or grass cover
it order to reduce the bi-at gain fros the srface of
thz ez-th.

Tben the earth conduction effect- and veacilation by
outdoor air Is not. salficient to maintain a tolerable
thermal en'!froraent, or when ventil.-ctiona air i*ý not
available, it nay boo necs isary to p2rovide so~ form
of suppleikental cooling. In this case the aethod of
estimating the shelter conditions presented previously
can ztill be applied by using the conditions of the
supply air from the cooling system, instead of ambient
air conCiticns, as thi ventilatizo. dry-bulb terqperatare
and busidi&y ratio in the previous equatio~a.r

In this concection it should be nentioned that the
configzration of the ventilation air intake system can
affect the conditions oi"L the- supply air so that the
condition of ven'&ilzt'..ur air entering the shelter
is significantly differeLt from t,"he condition of the
atmospheric airr. Relatively long runs of duct work
from the ventilation' intale fixture to the shelter way
result in coolirg the supply air., if thci ground temp-
eratures are low enough-. If the supply air duct is
brought in throregh the shelter entrance way it is pos-
sible that" ths conditions in the entrance way can have
a varming, effIect on the supply air, especially if there
is an auxi liary povi -r unit or other mechanical equip-
nent located in the entrance passage. Such equipmient
will dissipate part of its heat by radiation to the air
in the passage and some of this heat may be picked up
by the ventilation air.

HEAT CONDUCTION TO BELOW GRADE SHELTERS FROM MASS FIRES

When the surface of the earth, or roof slab, above an
underground shelter is covered with burning or smolder-
ing material, as might occur due to a mass fire, the
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tenperitture of the lover ©las• ri.:e ¶1i- ;7Lowly rise
aad say contin•e to rise for seeral ho r-s after the
fire has burned out dun to the time required to conduct
heat through the overburden -. slab. The tezperature
rise of the ce~ling can be estimated by tke netho•
presented in Zeference 20, usiag figure 5.9 which bas
been redrawn from this ref-rence.

The netbod is based on a hypothetical Iire came wiricb
assues 3 sudden outside svwface texperxztre rise to
fire tsperature (tF) at tize, e, followed by a linear
return to initial -smface tesperature before the fire
(to). The tine required for this to occur is the fire
period, * . The texperature of the lower surface ftt.
can be capwted from the diJnsIonless temperatare -rs-i
function, 4fy, plotte-d as the ordinate in Figure 5.9,
for any tim, e, after the start of the fire. 'he ratio
of t4i.ae, e, to the fire ,-_riod, e., is the diwensi3nless
tine ftuct!ton: Y, plotted a; the abscissa.

Y-G/0 0 0E/. 5.19)

0t - to

. t (Eq. 5.20)

he length of time required for the heat to be conduc-
ted through the earth, or slaL, will depend on the
thermal diffusivity of the material, the length of the
fire period, and the thickness of the material. These
factors are expressed by the diue;-sionless function T'
as follows:

v = o
L2 (Eq. 5.21)

Where & - thermal diffusivity, ft 2 /hr

GO - fire period, hours

L = thickness of material, feet

Curves for various values of T' are plotted in Figure
5.9. To find the ceiling temperature of the shelter
at a time, 0, altgr the start of a fire, determine Y
from Equation 5.19 and determine T'. Then, entering
the figure at Y, locate the intersection with the T'

5-37



04 4

E. E 0

4c

kI , -r - So0

4, 0 P%

Ai I

yII I lC

0 00 c

10 U I[4 jn I o hiS~~l

5-38



-o r '_ -- % r -3s Z-'- p-o • - -t- --•. --• - T.- • .

WNPla 5.5: Determine the teswemratur of a
I-ferwh 3 feet o.- ev-rh -;o'ver at a timw 12 hou=

a'Jter -he start of a su;face f:-. :-eAssa a fire per-
iod of 8 bocrs and an initial s:.-face tesme-rzture gf
754?F. The iaxiums temperature of -he IU* is 1600"T
and the fftaiiUty of the exrth 1- 0.04S.

Y - 12/8 -1).5

T' is deterained r•mo L~np'tioz 5.21.

7T' - (0.045)(8)/32 - 0.04

ZEniering the figure •t - 1.5 determine - 0.006.
By Eqcation 5.20:

0-006 - -71

M S- (0.00(1600 - 75) + 75 - 9.15 + 75

t - 4.150 F

ZAMP-U 5.6: Us•ib :!ze da ta ikon Example 5.5 deteraine
the- maxI ceilng taeuerat-zre and the time tfter the
a ,, of the fire at th.•¢, It occurs.

S0ULMION: Tne .r-rest of each =L-ve fof T' occu•-s at the
Mig -hen the ceiling teuperature is a =-xixmwa The

crest of the curve for T' = 0.04 occurs at about Y -
4.5. "he corresponding value of i is about 0.038.
Thcn:

0.038 = t-7•
1600 - 75

t - (0.038)(1600 - 79) - A5

t = 57.95 + 75 - 132.95. U

The time at which this occurs is:
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" (8)".4.5) - 36 hour* 4.~ iýe X'Mrt Of thV fire.

Mhe up-twid presented aborze will praWad ov. estiamte of
the c~tllng ten~rratuar* at any given t~me but It will
proZ-*ly overvettmite tmoi torerotuwe. Wafted sxperi-
metS% evidm4c. awalublie i"Iicates that eolt1~g iv-
era~zers aviIl -.ot incr~egwý to the extent I 4i~cxvL- 1--

~ ~~%.c 7tiwU Ths mi be duesI isri
to tkma assuztji:0bR Of sk Stra~146 lin" fir. cnmS ,in " IX4
It seeas Probeble that the trle temPari vTac wi311 dawxexam
esj)Dze~stin 117 rather than 12A~r!7. W~OVr tlst dr*
two iipporttnt cancluxle" V) be drau~n frcm Uwste exia-~
latioms:

1,. Tbay dewtrt thet beeita to be eriv~
fram h.MVT trth Coar 71, in Oe example.,
two feelt of earth cover bad been u~sed, in~stead
*1 three feet,, the value of V~ wold have
besn 0.08 and the mazImu cacUmlated temperatuire
would occur sooner,, at ebmut 20 rG-ta rather
than 36 hours.

2. They Indicate that the maximw teperature
*%iU;_ In sct Cases, occur 'Well afte!r the

suZsL:ý temperatus-e has returned to narmal.
it a time, 0, equaal to the fire period is
selected, It can be seen from Figure 5.9, at
Y - I., that a value of T' greater than 0.04
%rill be necessary before there will. be any
increzse at all in the shelter ceiling temp-
ersture. This woud requize P. long fire
periocv, shallow earth c~over, or a high t-hermal
diffusivity., or a combination of tticse factoria.
Present opinion,, therefore,. is that the heat
conduction effects from a surface fire to a
shelter with at least three feet of earth
co-,rer (or equivalent) will be negligible
while the fire is burning.

The major problems connected with large scale fires
are bigh temperature air and excessive carbon monoxide
concentrations. Either or both of these cond~tions will
require that the veatilation systen be shut down unless~
a reliable source of zir can be assured through a re-
mote intake system. It is fortunate that the heat
conduction effect will, in most cases, be insiignifi-
cant during the time ventilation air might niot be
available. By the time the shelter
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* ~ Milize tespest~we ris bac~5si)icu twl
i" 'osible to _-ýeu- imcr-ýal Teailatioja.

gowever i vz r-sld t~e t~at pii-gs of rabbre arvind the
veatila~ioiu "-V"e coald zoul.'%r "to - many haz";So
even days, ev,%zlng i-acessive =xion rencoxide4  In thi-t
cakse tle shaeitr may ;iVill have to bes button~ed up at
the ift the ;conducted be**t reactes the shelter. In
this situat~c4 it nay become necessary t%- consid~r the

p~sbiity f venturing outs-4de the -alt e rder
to clear th,; %,4=igwL fr= zvound iattia fixt-ure.
%aic X-asibillity Indicates 14AM ' ventao!--ak
should Ime located as far as poffilble fvm a~y struc-
t~res or otber cast-%zitions of Mtbk ate±:la!.

Aac~rr omms4lbe -9r~. to use t~s aeha- and
ft-I' for air condltiani~g c 1 j=azazt ta-0 ;
Ghapters 25 anvd 23 oi Uhs 19;i 4M-!- Gui~e :ýýi1t

analygiis tfr a it zW-er driifera frca~ a rpoar. ait iýnd
tionijag pko!gllen ýn two imporrtant respects:

I. 7zne conditione of, Vie air in the shelter
zpace are not known ocr predetermized, as
is t~hi case in air condJA.-oning caledlations.

2. In a shelter the major source of beat and
inoistcire corns from the oceupants anld thus
.- MI vii±- vi'tthfl 7number of occupztnts an."
with the dry-bulb temperature of Ube shelter
air.

A possible apprczch waO"id be to ass-ame a. sixiwum oef fec-
tive temperature: wbich would not be excceded, probably
820 M1T, and then ass-one dry-bulb a4d wet-bulb tezpera-
zures; which are likely to occur A-n t.he shelter to
przoduce this effective temper,-cure. With cooling by
ventilation only, the shel+,4r dry-bulb temperature is
unlikely to be less than che supply air dry-bulb unless
the supply air dlew po';r.t is very low. Once this assump-
tion is made the culctilations can be carried out to
determine the ventilation rate necessary to maintain
these conditions. bince the maximum tolerable shelter
conditions were assumed, the ventilation rate determined
,would be the minimum rate necessary.
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ThTUTJIOF ABGV i.fM g

grade Shelterrs ;' oresezied 1"' th'f oitiVOUS weuti*i
have been develop~d over a pericd of Lolr~al yaws aiA
bave tween proven to provide solutioniL vik accoeptacle*
Unmits of a~c'--nmy.

The determidnation off re.-v-1red ve&*il1t1C= rat"s iur
above-Cround sbeltera Is c iz~ated i-. the wide vaY!*,,
of possible conf igurations of the she~lter's. 3fi-h vbeJ)ý
%.ers are located in exiqtting buildings, or will h

lzcudei i- now coastruc~Jon, and moet ofthar Ivre not
d~esib-nod with their shelter capablifty L in. aumen-
tialiy eacs 930 Is x uiniqpz precblc ani~ %mt be analyzed

op~ vs idividual basis. Also tft-4 are exposed to solar
heav -if, which 'wre not i~cze145Jý in the callculation
proce4ares f6r windu-zirouind she lterai.

In these shelters there wcý-ld be no s-jr'roundizag earth
to provide a =ink for ttt dissipation of beat. OIq the
contr try, t~he surrouniding media Is atmospiberic air
zhjLch, under :,zer condit ions, may be at a t.L'mperature
jgrea-t~er than the~ shelter wall temperat'vre and thust be-
come a scprt~e of izmzt gain. The mass of buildftg nater-
fals 4. 11 baiea small capacity to absorb beat but this
*il nottm 5bmifficient to have any significant effect on
the therxatl condiitions in the snielter area aftejr 41he

first few tioi~rrs of occupz-cy.

Siwulacig. occupancy Se~ti of aba-M-ground shelters in
the core areovs of large bulidlln !ixvs sht;jiw tiot very
nearly' adiabatic condlitions ezist after tbe fir"~ 1"

-'hours of occupancy. Therefore the f~duplified mepthed of
Chapter T" could be used for a Tatick appzfoximati-'%?- of
the ventilation rates required. A-" ammewhat more precise
determination could be aadr& using t*L6 1. solution since,
in this case, any asensible heat loads in addition to
the ne4tabolic load can be included in the Vterm in
Equation 5.5.

Reference 23 pre~ents a method of deteraining ninimki
ventilation rates for above-ground shelters which is
basically an iterative solution. It hias been checked
against test results for simulatec' occupancy studies
and has been shown to piedict minimum ventiiatlion rt~tes
with a reasonable degree of accuracy. Predicted rates
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~ ±~*he r~j~g of 1 to 2 cfn/person higher than
a;Cev,7si z-~z --equ-sx-e. The xethiod predicts only the

!ai .una vetiz-Ia1ion czpct ve-q--red for CII

vtatýzr condit41iori -=--d wi~llseJ
the r i e1 for zold w ent i1a rICr - o~
,''.he oce1itiýts *ofl a shelter czaz tŽie vent!i--zttý.
rate as the c~ad!'Aioas dlctate. TIhis rIimeEo is the
simplified ae;Iiar discussed on Page 4-1-5.
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PRAc"ICE PROBLEMS

5.1 A shelter is supplied with fresh air at 86OF db
and 73 0 F wb at a rate of 15 cfm per person. The
:sensible heat gain from lights and mechanical
equipment is 20 Btuh per person. Determine the
effective tenoerature in tbh shelter if there is
no conduction heat loss to the surroundings.

5.2 A shelter 10' x 100' x 8' has 100 occupants with
an average -etabolic rate of 400 Btuh per perscn.
It is lc~t.ted underground in clay soil at an
average temperature of 550F. The thermal diffu-
ivity is 0.017 and the theiral conductivity is
0.06. Determine the effective temperature after
24 hoGi-s ýDf "buttoned up" operation using a
cylindrical - ode!.

- For a shelter in Prtblem 5.2, what would be 'a
exect•ive tc-perature a:ýer 14 days if the ,
tilation rate were 5 cfm pe: person and 2r `-tuh
per person were added by lights -id mecb. -;.cal
equipaent. The average condition uf t-! ventila-
tion air is S7OF dry-bulb and 75 0 F wo4-i-ub.

5.4 An undergro•n sheiter i- 25_ x 20' x 8' and is
venti!a2ed at the rate of 10 cfm per person with
fresh air having an 2-verage dry-bulb temperature
of 840F and an average dew point of ?2oF. There
are 50 occupants with an average metabolic rate
of 400 Btuh per person and the equipment load is
30 Btuh per person. The initial ground tempera-
tir-e is 68OF and the diffusivity is 0.018 ft 2 /hr.
The t'ar:.31 conductivity is 0.7 Btu/(hr)(ft)(o1).
The sur 'ar: --- it transfer coefficient is 1.5 Btu/
(hr)(ft 2 )(U1- ili:ýir. a plane wall model and a
Case 3 solution, determine the effective tempera-
ture at the end of 7 days.
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CHAPTER VI

MECMNICAL COOLING

"71e _2scuvonra in the preceding chapters haE been

c~csrne• .ith control of the therral environment by
m-ans fventilati3n only. In many shelters this can

vc~i~y oe accokplished but there are situations where
Sozo of supplemental cooling will be necessary.

Th3 •-,estion of when to provide supplemental cooling

cý.ability is one which does not have a simple answer.
-t can be said that some form of cooling should be
supplied wherever the financial considerations permit.p This, however, does not answer the question of when
mechanical cooling is justified as a matter of survival,
even at the expense of some other aspect of the shelter
design. In other words, when is a supplemental cooling
system absolutely essential?

Any time that ventilation alone will not be sufficient
ao maintain the desired conditions in the shelter it

will be necessary to provide supplezaental cooling.
Thus, a combination of high ambient temperature and
humidity, combined with inadequate earth conduction
effect, would be one condition where ventilation alone
vight not suffice to maintain a tolerable thermal en-
vironment. Inadequate earth conduction effect might
mean (I) high earth temperature, (2) low conductivity,
(3) insufficient wall surface area 3r (4) an aboveground
shelter.

Anotger possiblity might be that the high rates of
ventilation necessary would require large intake open-
ings which would be difficult to shield from fallout
radiation. If the shielding integrity of the shelter
would be reduced by providing these openings, it would
be necessary to reduce the size of the ventilation
inlet and resort to some form of mechanical coolirg to
maintain the desired environment.

It is al-o possible that high ventilation rates could
result in increased equipment costs for larger blowers
and motors, ductwork, dahipers, grilles, etc., to the
extent that it would be cheaper to provide for a small-
er capacity and add supplemental cooling. Only a de-
tailed cost analysis will show the point at which this
might occur but aG a general rule of thumb, the possibility
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should be cocsidered if the calculateed ventilation
rate exceeds 20 e fa per person.

5Nen though the probabil~ty of battoned-up operation 1s
lov, it is likely thzt the ther~al environment cannot
Lre controlled witbin acceptable limits witboat some
means of zechaical cooling. A Case 2 anailysis, sau
oe~tline'& in Chapter 7, wjill sboi 'tether thhe possibility
exi~ts. It any casm it would ba desirable to coaside-,
providing a ccoling syste2D in any shelter which is tto
hive button-up capability since the simple Case 2 at&-
lysis does not inclu~de at l~east two factors which zight
affect this conditioz of shelter operation. 7be first
of these is the beat produced by equipment for generatin~g
oxygen and absorbing (X)2 vkich will probably be necees-
sary to waztrol the cbenicaL compositioU Of the air. The
second factor is that button-up operation will uspt
likely be ncessary due to mass fires wbicb could pro-
duce extremaely high intake air temperatures and high
carbon anaui~de coacentrations. Thbe heat from these
fires caild Lause a rise in ceiling temperatures in
the shelter which would make the assumptions for the
Case 2 analysis invalid.

Another possibix-ty gould be where analysis shows that
the capacity of the shelter could be increased by pro-
viding same form of mechanical cooling. In may cases
the number of occupants will be limited by tha thermal
environment rather tl'n space and it is possible to
increase the aumber if a cooling system is installed
and thereby actually reduce the per capita cost of the
system. In this regard it should be kept in mind that
the number of persons wbo seek to use the shelter at the
time of an attack cay exceed the number for rhich the
shelter zas designed. This is especially true if the
attack ccces before the shelter develrpzent progran
has had time to creare the total number of shelter Spaces
needed. A cooling sys~tem would belp to provide soa)e
capability for overcrowding which uight be worth the
additional cost.

In general it can be said that there are rany conditions
which might justify inclusion of same form of mechanical
coojing in the envizonmental control system. Whether or
not it will be included is a matter of epgineering judg-
ment based on a thermal analysis and the cost-effective-
ners factors. It also involves the degree of calculated
risk which appears to be acceptable.
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Arsusmzg that a sy~ten for coolieg or debumidifying is
to be installed, there are several possible netbces to
be considered. These migbt include:

1. Debuasidfication by means to a chemical desic-
cant or absorbent, or by nechanical means;

2. geporative cooling;

3. Cooling with well water;

A4. Nechanical air conditioners.

At VAe present Cize it is probably not worthwhile to
con-s1der the more exotic metbods of cooling, sucb as
tbermoelectric devices, since they have not been de-
veloped to the point where they are of practical value
from the standpoint of cost, capacity or reliability.

Dehtidification: Since a la-rge part of the problez
in controlling the thermal environment of fallout shel-
ters is associated with high humidity, the use of de-
humidifiers his been considered as a means of reducing
humidity. A brief consideration of the therwodynauic
processes involved will show that this is not a practi-
cal solution to the problem.

If the desicA.ing device isto be wholly contained
within the sbalter, the so-called "black box" method
of anal?s,s may be used. In this method, the details
of construction and operation of the device are ignored
and only the overall energy balance is considered.
Thus the analysis will apply to any form of device
which removes moisture from the air.

As an example, consider the case of shelter air at an
initial state of dry-balb temperature and dew poiLt.
For one pound of dry air with its associated moisture
there would be specific eutbalpy, h1 Btu/lb dry air.
A dehumidification device is allowed to operate fo7
the length of tize necessary to remove some of the
moisture from the air, thus reducing the dew point.
It is assumed thac the device is wholly contained
7ithin the shelter and has no capacity for storing
energy within 4tself. Under these conditions no energy
will enter or leave the shelter air and, consequently,
there will be no change in the enthalpy. Thus the pro-
cess line from the initial to the final state follows
a constant enthalpy lire on the psychrometric chart.
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This process is illustrated in Figure 6.1 wbere the
process is plotted on the psychrometric chart of
Figure 3.1. State 1 is shown at 850F db and 75OF dp
and State 2 at a dew point of 720Y. Note that the
process line slopes downward to the right, following
a constant entbalpy of 41 Btu per lb dry air. The
relative humidity has decreased from about 72% to
just over 50% but the dry-buIb temperature has risen
from 85OF to 930F. The net result has been that the
effective temperature has increased from about 80.50F
to about 83.50F. Thus the conditions in the shelter
are worse rather taan better.

An examination of Figure 6.1 will show that any de-
humidification process, following a line of constant
enthalpy, will result in an increase in effective
temperature.

It has been assumed that no energy input was required
to operate the dehumidification device which, of course,
would not be true in the actual case since the mois-
ture in the air will not condense spontaneously. Thus
the energy required must be put into the device (as,
for example, the electric energy to operate a refrig-
eration machine), or it must be stored in the device
(as stored chemical energy for chemical desiccants).
In either case this energy will become part of the
shelter system, since it was assumed it would not be
stored in the dehumidifier. Therefore the drying
process will result in an increase in enthalpy and
the effective temperature will be increased more than
was indicated for the constant enthalpy process.

During the dehumidifying process the moisture which
is removed condenses and gives up its latent heat of
vaporization. This latent heat becomes sensible heat
in that it raises the dry-bulb temperature of the air.
Thus it can be concluded that, in order for dehumidi-
fication to be an effective method of reducing the
effective temperature, the latent heat given up by the
condensing moisture must be removed from the shelter.

Evaporative Cooling: If dehumidifying tends to increase
the effective temperature of the shelter air, it fol-
lows that increasing the moisture content of the air
would tend to reduce the effective temperature. This
is true, provided that the energy to supply the latent
heat of vaporization comes from inside the shelter.
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If this energy is supplied by the surroundings -he
energy content of the shelter will be increased with
a consequent increase in effective tenperature.

The process involved in evaporative cooling is the
reverse of the dehumidifying process and could be il-
lustrated in Figure 6.1 by starting at state 2 and
proceeding to state 1. Again it is assumed that no
energy is transferred to or from the surroundings.
Thus the evaporative process is one in which the dry-
bulb teaperature will decrease while the dew point
tenverature increases and the wet-bulb temperature
remains essentially constant.

A pound cf air can pick up only a liaited amount of
Mo)sture. For example the air at state 2 in Figure
6.1 could be cooled to a temperature of about 77.5"F
before it becomes saturated. During the process it
would pick up moisture equal to the change in numidi-
ty ratio. This would be, from the figure, 0.0204-0.017,
or 0.0034 lb of moisture per lb of dry air. Table 3.6
shows that a temperature of 850 F (the approximate av-
erage dry-bulb temperature for this process) the
average sedentary man will evaporate 0.223 lb/hr of
moisture. It would require 0.223/0.0034 = 65.6 lb/hr
of air to pick up this moisture. At a specific volume
of about 14.2 cu ft/lb (from the chart) this is (14.2)
(65.6) = 932 cu ft/hr or 15.5 cfm to pick up the mois-
ture for one man. If, now the moisture is added by
evaporative cooling, the air no longer has the capa-
city to absorb the moisture produced by the man. The
man's body, however, has the ability to evaporate the
moisture since his skin temperature will be above the
temperature of the air. Therefore, the moisture will
be put into the air causing the air temperature to
increase along the 100% relative humidity curve, and
increasing the effective temperature.

Thus it can he seen that evaporative cooling would be
limited in its effectiveness. This is not to say,
however, that it can never be used effe'ctively. There
are areas in the United States, principally in the
Southwest, where the normal atmospheric air conditions
are hot and dry. Supply air with a ver~y low relative
humidity may make evaporative cooling feasible for
reducing the shelter dry-bulb temperature, at the
expense of iacreased ventilation rates. As pointed out
in the example, any moisture which is added by evapor-
ative cooling reduces the capacity of the air to
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absorb the metabolic latent heat. Thus additional
ventilation air will be necessary, For a shelter
with manually operated blowers this increase in ven-
tilation rate may increase the power requirements
beyond the wascular capacity oi the occupants.

The conclusion is that evaporative cooling may be used
in some localities and should probably be considered
as a possibility il the preliminary design. But the
conditions with regard to increased ventilation rates
and power requirements should be carefully analyzed
before it is selected as the 2ost desirable method
of cooling.

Cooling With Well Water: The possibility of dissipa-
ting the heat generated in fallout shelters by the use
of ground water from non-thermal wells* is worth ser-
ious consideration. In fact many shelter designers
would consider a water well one of the most useful
facilities which could be installed in a shelter,
since a reliable supply of water is useful for many
purposes including drinking and food preparation (if
the water is potable), sanitation, fire fighting,
and decontamination, as well as heat dissipation.

Ground water can probably be located at most locations
in the United States and obtained from wells of rea-
sonable depth. Figure 6.2 indicates the approximate
temperatures of water which might be expected from
non-thermal wells at various locations.

In order to dissipate the heat from the shelter it is
necessary to transfer the heat from the shelter air
to the water and then discharge the water outside of
the shelter enclosure. It is necessary, therefore, to
have some method of pumping the water from the well
to the shelter and a method of circulating the shelter
air to bring it in contact with the cooling water.
The most effective method is to pump the water through
a coil suspended in the shelter area and provide a
fan to circulate air across the coil.

By using large flows and high velocities of the cool-
ing water in order to obtain uniform temperatures in

*A non-thermal well is one that produces water at
the same temperature in winter and summer.
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the coil, and by using low air velocities in order to
prolong the time that the air is in contact with the
cool surfaces of the coil, and by using the counter
flow principle of heat transfer, it is possible for the
air temperature leaving the coil to approach the
temperature of the cooling water entering the coil.
If, in the process, the air were cooled below its dew
point temperature, moisture would be condensed from the
air so it would be necessary to provide a drip pan
under the coil to collect the condensate.

In tests conducted by the University of Florida (15)
thic method of heat dissipation was tried in a 12-
person, partiai!y buried shelter, using simulated
occupants. Water was obtained from a 75 foot well
equipped with a jet-type pump which delivered the
water at the st ýsce at 40 psig. The water was at
71.5 0 F which col -es favorably with the value of 720 F
predicted from Fibare 6.2 for the area of Florida where
the test was conducted.

The wper was routed through a serpentine coil which
was 13.5 inches high by 20 inches long by 5 inches
deep, with a face area of 1.87 square feet. Air was
forced through the coil in a counter flow pattern to
the water flow by a 1/12 horsepower, propellor-type
fan and left the coil at an average face velocity of
450 ft. per minute.

Ventilation air was preconditioned to follow a cycle
typical for a summer day at that section of Florida
and was supplied to the shelter, by an external fan,
at a rate of 3 cfm per occupant. The 12 simulated
occupants (simocs) were set to deliver 200 Btuh of
sensible heat and 200 Btuh of latent heat.

At the start of the test, the dry-bulb temperature in
the shelter was 81 0 F, the relative humidity was 87%
and the effective temperature was 79 0 FET. Water en-
tered the coil at 71.5 0 F at a rate of 1915 pounds per
hour and left the coil at 74.860 F. This represented
a heat absorption of 6440 Btuh while the 12 simocs
added 4800 Btuh.

At the end of 48 hours conditions in the shelter appeared
to have stabilized at 79°F dry-bulb and 88% relative
humidity, giving an effective temperature of 77.5 0 FET.
During this time, 76.6 pounds of condensate were collect-
ed from the coil, which represented 73% of the water
evaporated by the simocs.
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In order to determine the effect of the water coil,
the results may be compared with a test of the same
shelter, with the same ventilation rate and the same
preconditicned supply air, but without the coil. In
thIs case the shelter dry-bulb temperature was 90.5 0 F
and tihe relative humidity0was 92 percent. The effec-
tive temperature was 88.5 FET. Thus the coil lowered
the effective temperature by eleven degrees.

The power consumption to operate the coil was 1/12 hp
for the fan and 1/3 hp for the pump or a total of 5/12
hp. The water flow rate of 1915 pounds per hour rep-
resents an average flow of 3.83 gallons per minute.

A similar test was conducted in a 100 occupant shelter
using a larger coil and fan and a greater amount of
ground water. This test was not as successful since
the coil appears to have been undersized for the load
imposed upon it. However it was found that the supply
water at 72.2 0 F absorbed 3.45 Btu per pound as com-
pared with 3.36 Btu per pound in the first test. The
power consumption was 0.83 horsepower for 20,700 Btuh
of cooling effect in the second test as compared to
0.42 horsepower for 6440 Btuh of cooling in the first
test. Thus the second test shows 25,000 Btuh per
horsepower as compared to 15,400 Btu per horsepower
in the first test.

It was estimated, in the second test, that it would be
necessary to double the size of the coil which was 35
inches wide by 18 inches high by 9 inches deep with
a face area of 4.25 square feet. If a second unit were
added similar to the first the power consumption would
be about 1.7 horsepower. In order to obtain the same
heat removal by electrically driven, compression re-
frigeration it would require about 3.5 horsepower to
drive the compressor alone plus about 0.8 horsepower
for the blower drives to circulate air across the con-
denser and evaporator coils, Thus the compression
refrigeration system would require about 4.3 hp com-
pared to 1.7 hp for the water coil (15).

Although firm conclusions cannot be drawn on the basis
of these two tests alone, it appears that the use of
ground water in a water coil offers an economical
method of reducing effective temperatures in shelters.
Figure 3.2 indicates that the 72 0 F water used in the
tests is the highest ground water temperature to be
expected any place in the United States, except in
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extreme south Florida. Thus it mav be concluded that
tLis method of cooling would be evta more effective
in most other locations where the lower water temperatures
would provide better heat transfer cI~racteristics in
the coil.

The method is, of course, dependent on the availability
of ground water and involves the cost of a well. In
Florida, where the tests were conducted, it is possible
to obtain water from wells 60 to 80 ft in depth. In
other locations it may be necessary to go nuch deeper
to get a dependable supply of water. The deeper wells
will, of course, cost more to install and will require
lirger and more costly pumps which will need a source
of power for operation.

The cost of a well depends on many variables including
size and depth of the well, the geological formation,
the type of 'rilling rig used, ease of access to the
site, local Labor conditions, and the operating methods
of the contractor. It is possible, therefore, to indi-
cate only the probable range of costs.

For rock wells not equipped with screens, the cost of
drilling the well and installing the casing can be
estimated at $1.50 to $2.00 per inch of diameter per
foot depth to 600 ft. For greater depths the ran•ge
would be from $1.50 to $3.00 per inch of e 4 ameter per
foot of depth (29).

The approximate diameter required can be estimated from
Table 6.1, from Reference 29.

TABLE 6.1

Pumping Rate Minimum Case Size
_ gym Inches

120 6 - 8
300 8 - 10
600 10 - 12

1200 12 - 14
2000 14 - 16
3000 16 - 18

The approximate cost for the pump installation, includ-
ing pump, motor and controls can be estimated from Table
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6.2, also xror.- Reference 29. The :osts in this table
do not include the cost for dri-lling and installing the
casing.

TABLE 6.2

COST OF WELL-PUMP ISTALL.TION,

.--c.zlpower of Pump Cost of Installatxo-

1/2 $ 225
5/4 280
1 350
1-1/2 475
2 600
3 875
4 1000
5 1200
7-1/2 1350

10 1600
15 1750
20 2200
25 2500
30 3000
40 3750
5e 4200

The power required for the pump is determined by the
sum of the gravitational head, the velocity head and the
pressure bead. Since very little power is required to
move water horizontally for short distances the velocity
head is negligible, Therefore the power requirement is
made up of the gravitational head and the pressure head.
The sum of thesc two terms is known as the static head.

The pump work can then be determined from:
W p2 Pl
= 2- 1+ (Z 2  Z 1 ) ft-lb/lb (Eq. 6.1)

Where:

P2 = discharge pressure, lb/sq ft absolute

P, = suction pressure, lb/sq ft absolute

e= density, lb/cu ft
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Z2 z- = total lift, ft

g local acceleration of gravity, ft/sec 2

go =couversion ccnstant, 32.174 Ibu ft/lbf sec2

The work as obti.!ned from Equation 6.1 would be multi-
plied by the total nass of water pumped per unit of
time to obtain the power raquireve. . Obviously this
would have t-) b, divided by the • efficiency to
determine the power input required. The efficiency
will vary with pumping conditions and must be deter-
mined from the efficiency curve for the pump selected.

The pressure bead for the punp wil3 depend on the
pressure required for the cooling water system. Most
public water supply systeras have a delivery pressure
of from 20 to 40 psi and many well pumps are supplied
already equipped with storage tanks for this pressure
rang-.

Some storage capacity for sater may be desirable in
the shelter installation if the wate,: is to be used
for purposes other than cooling. The cost of water
storage facilitieE -ay be estimated from Table 6.3
which is also taken from Reference 29. The costs are
estimated on the basis of the fac'lities in place
and ready for use and includes valves, Tooting, pipe
inlets and outlets and drains, all completely in-
stalled.

The total cost of a well-pump assembly, completely
installed can be estimated from Figure 6.3 which has
been redrawn from Reference 29. The costs include
the well and casing and the pump. They do not include
a water storage tank or the water coils, fan or
other cooling components.

The quantity of water required for cooling purposes
will, of course, vary with ýhe ground water and
ambient temperatures. Reference 29 estimates a de-
mand of 0.1 to 0.15 gallons per minute per person
to maintain an effective temperature of 850 FET.
Univwrsity of Florida tests shcwed a rate of about
0.31b gpm per person in the 12-occupant shelter,
but this maintained a 77.50 FET. In the 100-occu-
pant shelter the University of Florida test showed
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TABLE 6.3

APFRPO•IATh CO6? (0F EflU S=RA9i FACILITIIS

AsoM-unt of' 3forilae
gallons Pressure Fbemat4c .le. 'ted

5~) ~SO 360-
T135-10

i,0,0 1Z60 3-
1,500 245 150
2,50 4-W+ 1,200 -

5,(00 91,10 2,300 3,000
75•50 1,200 3,000 4,200

10,000 1,600 4,000 5,200
15,000 1,950 4,8W0 10,000
20,0,0 2,800 6,000 12,000
25,000 3,750 7,500 13,500
30-,000 4,800 - 18,000
40,000 7,200 - 21000
50,000 10, - 26,00W
"60,00. 13,290 - 35,000
75,000 19,500 -- 42,000

100,000 28,000 - 48,000

a rate otabct$ 0.12 gpa per person and the effective
temperature in the shelter after 48 hours was 840FET
(15). This tends to coanfirs Pa4ero's estimate.

If a well-water cooling syates is installed it will
be necessary to provide some means of disposal of
the water. There are several possible methods which
uight be considered.

1. The water may be. pusped into a diffusion or
recs-irge well in order to return it to the
ground water reservoir. If the well is to
be used on a day-to-day basis this ts prob-
ably the best solution since it not only
disposes of the water but also it helps to
maintain the water table.

2. It could be pumped iDto an existing recharge
basin. These are in use in some areas for
disposal of rain water.
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3. A drain field sy be installed such as is
used for the effluent from septic tanks.

4, The vater may be discbarged into existing
stori or sanitary sewers.

5. The vater could be pumped into a muvicipal
water system (assuming that it is of suffi-
cier-t purity) and could thus become available
for use in other shelters whicb do not have
Weils.

6. The excess water could be pumped into stor-
age facilities for post-shelter use. Such
facilities would, of course, have to be
developed by the coamunity.

later which has been used for sanitation of decontamina-
tion would have to be disposed of separately. 7his
water could go to a covered pit and thea be pumped into
an existing sewer lin. It could also be stored in the
pit for later disposal if the pit has sufficient capa-
city for the entire period of shelter occupancy.

The benefits to shelter performance that might be possi-
ble, in additibn to cooling capability, could be consi-
dered as part of a feasibility study in the design of
now facilities. Although other sources of water may be
available, sucb aup trapped water in the building or a
usable municipal system, the savings in other systems
or iicreased capacity of the shelter may be sufficient
to Justify the cost of the well and pump.

1. Water for drinking, cooking and washing:
With an adequate supply of well water it
would not be necessary to limit the con-
sumption of water. The physiological and
psychological benefits of unlimited drink-
ing water are difficult to assess but could
be important. The hygienic benefits
of having adequate water for personal clean-
liness should help to reduce some of the
health problems in the shelter.

2. Space utilization: The use of well water
reduces the requirements for water storage
facilities. EliminatioL of tVe need for
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the storage containers makes the space
available for other uses and could reduce
the structural requirements for the floor.

3. Sanitation- An adequate supply of water
permits #:he use of standard fixtures and
systems. This should reduce costs and provide
a more efficient system.

4. Fire Fighting: The control of fires in a
shelter can be extremely difficult and haz-
ardous if adequate water is not available.
Hand fire extinguishers are very limited in
their capacity and some of them create hazards
in addition to the fire. Both CO2 and the dry
chemical types extinguish by smothering the
fire with carbon dioxide and should not be
used in confined spaces. The carbon tetra-
chloride type produces a toxic gas when exposed
to the heat of a fire and also should not be
used in confined spaces. The chemical foam
type is an effective extinguisher (except on
electrical fires) but the foam residue is very
difficult to clean up. It would be almost
impossible to remove this residue without large
quantities of water. The common soda-acid type
is probably the best choice for shelter use but
it has only a 2-1/2 gallon capacity. Its ex-
tinguishing action is the same as plain water.
In addition this type requires annual recharg-
ing as does the foam type.

An adequate supply of water permits the use of
fire hoses with either stream or fog spray
nozzles or could permit the installation of a
sprinkler system.

5. Cooling: In addition to environmental control,
well water can be used for cooling of engine-
generator units and air conditioning conden-
sers. This reduces the requirement for a
supply of cooling air. In general water cool-
ing is more effective than air cooling for con-
densers and engine cooling systems. For en-
vironmental control well water offers a pre-
dictable, constant temperature source of
heat absorption which simplifies the design
analysis.
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6. Sbelter performance: A well-water supply
increases the potential of the shelter for
overcrowding or extended occupancy.

MECHANICAL AIR CONDITIONING: The most positive control
over the thermal environment in tho shelter can be at-
tained by use nf a mechanical air-conditioning system.
Within the cooling capacity of the system the shelter
occupants can have almost complete control over the
conditions within the shelter and vary them to suit
their needs, While a mechanical air-conditioning
system may well be the most expensive type of cooling
system which might be installed, and have the greatest
power demand, there are some situations where it can
be justified, In some shelters where well water is not
available in sufficient quantity it may bv the only
means of providing the necessary cooling capability.
In emergency operating centers or in strategically
sensitive military shelters it can often be just-.fied
as necessary for the operating efficiency of the
personnel or for the protection of important machines
and equipment.

Once the analysis has been made and the decision reached
to install mechanical air-conditioning equipment, there
is a multiplicity of possible commercial units from which
the selection may be made. It is probable that it will
be most desirable to select from standard units, rather
than specially designed components, since the standard
units offer the cost savings of mass production methods.

The most common method of securing a refrigeration
effect is the vapor-compression system. The usial
method of driving the compressor for this type of
system is an electric motor. The compressor may be of
the reciprocating type, rotary or centrifugal, depend-
ing on the required capacity and the type of refrig-
erant used. The type of refrigerant will determine the
required suction and head pressures on the compressors.

The condenser may be air cooled, water cooled or of the
evaporative type. In the evaporative condenser, cooling
is accomplished by air passing over the wetted surfaces
of the condenser tubes. The principal cooling effect
comes from the evaporation of the water from the wetted
surface. If the condenser is air cooled an adequate
supply of cooling air is necessary while the water
cooled type requires a supply of cooling water.

6-17



The air nay be cooled by passing it directly across
the evaporator coil or the chilled water system may
be used wherin water is chilled by the evaporator
and pumped to coils in the conditioned space; the air
is cooled by blowing it across the chilled water coil.
The chilled water system may be desirable for shelter
applications since the compressor, condenser and evapo-
rator may be located outside the shciter enclosure
and only the chilled water supply and return pipes
pen'trate the shielding barrier. If the shelter is
also designed for blast protection the elimination of
refrigerant lines between se';arated components of the
cooling system would be particularly advantageous.

Most commercial air handling u.its deliver saturated
air to the conditioned space at about 60OF dry bulb
temperature. The coil and fan are designed to deliver
about 400 cfm per tnn* to the conditioned space.
Power requirements -an be estimated on the basis of
about one kilowatt electrical input to the compressor
per ton of cooling effec, plus about one-quarter
kilowatt to operate the fans to move the air across
the cooling coil and condenser. The actual power
requirement will, of course, have to be determined from
the specifications of the equipment selected.

The power requirement can be reduced by use of
absorption type units. This eliminates the power
requirement for the compressor but the need for power
to operate the fans still remains. Yowever, under
emergency conditions, power for the fans may be within
the muscular capability of the shelter occupants so
that system may be operated independently of an ex-
ternal source of power.

Thwe are two commonly used absorption systems; the
ammonia system and the lithium bromide system. In
the ammonia system, amronia is used as the refrigerant
and water is used as the absorbent. In the lithinm
bromide system, water is used as the refrigerant and
the lithium bromide salt solution is the absorbent.
The ammonia system can maintain lower evaporator tem-
peratures but is somewhat less efficient than the

*A ton of cooling is equal to a cooling effect of
12,000 Btuh.
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lithium bromide system due to unavoidable evaporation
of the absorbent water in the generator. Since am-
monia vapor is both toxic and flammable, the lithium
bromide system would probably be preferable for shelter
use*

Both ammonia and lithium bromide absorption air condi-
tioninE units are commercially available in capacities
of about 3 tons and larger. At the present time they
are not being produced in sizes smaller than 3 tons.
Most of the units are designed for beat input from the
combustioL of natural gas or liquified petroleum gas.
Some large installations are desigu-.1 for heat input
to the generator from a steam coil. This would have
little applicatioD for shelter use since steam will
probably not be available and could not be generated
economically.

An iiteresting system is the total energy concept
which has been successfully applied in some large in-
stallations and may have some application in a large
shelter. In this system an engine-generator is used
to provide power for lights and other electrical
equipment and the waste beat from the engine is used
in an absorption air conditioning system to provide
cooling. Such a system would have to be carefully
analyzed and balanced since the electric power demarl
may be too small to create sufficient load on the en-
gine for the waste heat to be adequate for the neces-
sary cooling effect. However, for some more sophis-
ticated installations it may offer some advantages.

Another variatio, which has been used with some success
is the internal combustion engine drivon air condition-
in& unit. In this unit a compression type air condi-
tioning unit is used, with the compressor driven di-
rectly by an internal combustion engine. In most of
the commercial units available the engine is equipped
to use liquified petroleum gas as the fuel but any
kind of engine fuel could be used. This system is an
attempt to take advantage of the somewhat better coef-
ficient of performance of the compression cycle, as
compared to the absorption cycle, and at the same time
make the system independent from a source of electric
power. The mo.t successful installations have been
those where the waste heat from the engine could be
used for water heating or similar application. For
shelter use, this system does not have the flexibility
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of an engine-generator and does not provide any elec-
tric power for lights. There may, however, be some
situations where it might be considered.

With the wide variety of possible system configurations
it is difficult to present any specific data on equip-
ment costs. Reference 29 presents cost analysis data
for four of the most common systems which may be used
for estimation purposes and for comparative cost pur-
poses. The reference gives detailed cost breakdowns
for each system. Table 6.4, 6.5, 6.6 and 6.7 summar-
ize these data.

Table 6.4 gives the total cost per person for an all-
air ventilation system for a 100-man, 250-man and
500-man equipment package. The equipment includes
ventilating and recirculating fan; engine-generator set
and fuel tank; lights, conduits and controls; ducts,
piping, supports and partition walls.

TABLE 6.4

COST SUMMARY FOR ALL -AIR SYSTEM

Outside Air - cfm Per Person

5 10 15 20 25

100-man, cost/person 40.9 41.5 42.1 50.5 58.4 59.2

250-man, cost/person 24.6 25.2 25.8 26.8 31.1 32

500-man, cost/person 15.7 16.3 16.9 20.3 21 21.7

Table 6.5 gives the total cost per person for a mechani-
cal cooling system using well water. The package includes
ventilating and recirculating fan; well and water pump;
well-water coil; engine-generator set and fuel tank;
lights, conduits and controls; ducts, piping, supports
and partition walls.

Table 6.6 gives the per capita cost for a compression-
type mechanical cooling system with an air-cooled
condenser. The equipment includes ventilating and
recirculation fan; refrigerant compressor and air-cooled
condenser; direct expansion coil; engine-generator set
and fuel tank; lights, conduit ank: controls; ducts,
piping, supports and partition walls.
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TABLE 6.5

COST SUMMARY FOR WELL W-TER-COOLING SYSTEM

Tons Per Person

.015 .025 .035 .045 .055

100-man, cost/person 68.2 69.8 71.8 73.8 75.8

250-man, cost/person 39.1 40.7 41.8 42.8 44.3

500-man, cost/person 24.5 25.6 26.5 27,2 27.9

TABLE 6.6

COST SUVMdARY FOR COMPRESSION COOLING SYSTEM
WITH AIR-COOIED CONDENSER

Tons Per Person

.015 .025 .035 .045 .055

100-man, cost/person 63.3 68.7 70.8 81.2 81.8

250-man, cost/person 36.8 41.8 45 46 52.4

500-man, cost/person 24.6 28.3 31.2 34.8 38.6

Table 6.7 gives the cost summary for a compi'ession-type
mechanical cool±ng system with a water-cooled condenser.
The equipment includes the same components as for the
air-cooled condenser system except that the condenser is
water-cooled and a well and pump are added.
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TABLE 6.7

COST SUMMARY FOR COMPRYSSION COOLING SYSTEM
WITH WATER-COOLED CONDENSER

Tons Per Person
.015 .025 035 5045 .055

100-man, cost/person 75.3 79.6 91.1 103.2 103.8

250-man, cost/person 44 45.8 51.2 54 54.3

500-man: cost/person 28.9 30.5 34.4 36 39.6

It should be emphasized that the preceding data should
be used only for very generalized estimation purposes
since actual costs at any given location can vary sig-
nificantly from these figures. The data for well water
systems are based on an assumed 200 foot depth at a con-
struction cost of $10 per foot, Actual cost will probably
differ from this. No attempt was made to credit the well
water systems with the possible savings which could be
realized from the other capabilities possible with the
well-water supply.

An examination of the data reveals an interesting possi-
bility. In Table 6.6 the cost of providing 0.045 tons
per person of cooling in a 250-man shelter is only one
dollar per person more than for providing 0.035 tons per
person. 0.035 tons is 420 Btuh of cooling effect, just
about enough to remove metabolic heat and some of the
heat from lights. 0.045 tons is 540 Btuh of cooling
effect, which would probably provide almost comfort
conditions. Thus for one dollar per person additional
cost the shelter could be designed to provide condi-
tions which are considerably better than the bare survi-
val condItions which are usually assumed due to economic
necessity.

Similar small cost increments can be found at other
points in the tables, as for example, in Table 6.5
there is only a $3.40 per person increase for the entire
range of capacities given for the 500-man package.
Although these small incremental increases will not
necessarily occur at the same points which are shown
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in the tables, they are typical of the cost variations
whLch can occur when standard units are employed.
Consequently, when using mechanical cooling systems,
it is ofteu possible to design on a comfort basis, or
at least moderate conditions, rather than on the basis
of maximum tolerable conditions.

i
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PRACTICE PROBLEMS

6.1 For Las Vegas, Nevada, the 5% summer climatic
conditions are given in Table 5.1 as 1060 F dry-
bulb and 70°F wet-bulb. How much moisture must
be evaporated into this air to cool it to a dry-
bulb temperature of 85°F? What would be the final
condition of the air? Would evaporative cooling
for a shelter be desirable in this area?

6.2 Estimate the cost for a water well and pump for
a 1000 occupant she]ter if a rate of flow of 0.15
gpm per person is required for cooling purposes.
The well must be 200 feet deep and the pump must
deliver the water at the surface at 40 psig.

6.3 In a 5CO-man shelter at what ventilation rate
does it appear that it would be less expensive
to use a well water cooling system than an all
air system?

6.4 For a shelter in Problem 5,2 what would be the
effective temperature at the end of 14 days if
a mechanical air conditioner supplied fresh air
at the rate of 3 cfm per person? What capacity
air conditioner would be required?

6-24



CHAPTER VII

POER SYSTEMS

As soon as 'ne need for mechanical syste:.; in a protec-
tive shelter has been established, the requirement for
some type ef power system has been determined. Since
many shelters wili require mechanical systems, though
they be simple or complex, it follows that these shelters
will need a source of power if the mechanictl systems are
to be used. Power may be required for lighting. coaling,
communications, or pumping in addition to he requirements
for environmental control. Consequently, the well-being
of the occupants of the shelcer will depend directly on
the capability of the power system provided.

Given sufficient money, it is not difficult for an
engineer to design a power system that will provide the
utmost in capacity, reliability and safety. However,
as is the case with all shelter compnnents and systems,
cost limitaticns will necessitate some compromises with
the theoretically ideal power system. The first require-
ment must be that the system be justified economically
"and come within allowable budget for the shelter. Again
the designer is faced with determining the minimum system
which is compatible with survival, and then providing
anything in addition which can be managed within the
finances which are available.

The possible sources of power for shelter use can be
summarized in three main categories:

1. Existing public utility services.
2. Power produr-d by the muscular activities of

the occupaats.
3. Auxiliary power systems.

Each of these should be investigated to determine if it
will supply adequate, reliable power to the shelter.

MEISTING PUBLIC UTILITY SERVICES
The most convenient source of power for a shelter would
be to use existing public utilities. This would supply
an essentially unlimited amount of power with no capital
investment other than running the necessary service wiring.

The effects of a nuclear explosion consist of thermal
radiation, initial nuclear radiation, blast and shock,
and residual nuclear radiation. In addition, there are
electromagnetic effects which accompany the explosion,
involving an electromagnetic pulse of short duration
from the explosion itself (or from the disturbed region
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in its 7iC~nit7R1 an- .o to the electrical
proerties of the ta spha-ze fte to chaages in the normal
ionizationI. The stady oi the alectra~agnetic: paLse *ki1
its effectse is a hiehly special~ized field. Far commmi-
cations5 ce~~ers and s~aitsr facili~tle special st,2dies
and desig~as are zecessasr.

The-re hav~e beer-eva studies i.aaie of the poss.ible
effects of =cliear vw~pos vn Ceee ating nd distrihutiorn
lacilities f31, 32, 3 3 1t- Tbdie, studiit :tre mrnalytical. In
nat-are since there is very little exparziuntal evidenace
2av~ilable. Ithe damage -4t ~firoqhii and fagasakl has
yielded some informationl on the effect of byi yield (15-
22 Kr-) 'sea pawis, as hiave some cd the *tonlc testai cooftc ted
In this countryW. Movtver, there are no data on the effect;s
of high yield ve-apons or on the effects of wmalt-IPI-e bomb
attack---. The iollowieg~fr~in =..s c lled frof the
tt~rt* ref erences c~itets.

The thermal radiation can cause Ignition of vwarious types
of ccuibustible materials. However, such natvrials are
usually not commr. around an~ electric gen~erating plantt
so it way be aswsrned tbat the thermal radiation will have
a negligible effect en 'the generating facilities. The
same way be said of the substations. Experience with
forest firas has indicated that high voltage trannuission
lines, which are usually carried on steel towers, are
seldom damaged by the fire. Ho'wever, transmission and
distribution lines carried on sooden poles could be exten-
sively damaged by fires started by the thermal radiaition.

Tt woald require extremely high intensity of initial
nuclear radiation to have any significant effect on the
generating plant or distribution systea. These effects
would occur only in azeas of high peak overpressures
fron the blast effect. Since the blast effects will
cause the greater damage, t~he effect of initial ~auclear
radiation on the system components nay be neglected.

The most severeaauage to the electric utility system
wciuld come from the blast and shock effects of the nuclear
explosion. Since no two generating plants are exactly
alike, it is possible only to sake some generalized
assumptions conacerning tZhe nature of possible damage
which probably would occur at various levels of overpres-
sure. Table 7.1, which has been taken from Reference 33,
sumnmarizes these probable effects on an electric generat-
ing station.
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TABLE 7.1

OVUPUSSURE-DANAGE REIATI;ISHIPS FOR EL'rTRICAL POWER
GMMUTING STATION SUBJ.CTED TO THE EFFECTS OF

SMALL NUCLEAR (20-30KT) WEAPOKS

Overpressure
Ytem Description of Damage psi

Air and Flue Boiler, preheater, breeching 2 - 3.5
Gas System ducts, econcnizer. and fan-

housing are caved-in, inter-
rupting the draft

Feedwater & Debris damage to turbine 2 -
Steam System control panels, condensate

aud boiler feed pumps, feed-
water and steam piping and
deterating heater

Circulating Screens clogged, pumphouse 2 - 4
Water System and crib damaged

Electrical Meters, disconnect switches, 2 - 5
Systez bushings, insulators, con-

trol panels damaged by debris

As a generalized conclusion it may be stated that a
steam electric generating plant subjected to blast over-
pressures of 3 psi or greater will probably be out of
service and could not be put back in service without
major repairs,

It is interesting to note that much of the damage would
be from debris and from "missile damage" due to defor-
mation or failure of the enclosing structure. For this
reason, open air plants, which are common in the South
and Southwest, could probably withstand somewhat greater
overpressures than could the usual enclosed plant. How-
ever the possibility of damage to the air and flue gas
systems would remain about the same.

Hydroelectric plants, by their very nature, should be
able to withstand somewhat higher overpressures than
can a steam plant. However the rossibility of defor-
mation or failure of aboveground structures is about
the same. Consequently the possibility of debris or
missile damage to the electrical system is very much
the same. Structural damage to the dams and locks
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probably would not occur urder about 15-20 psi but
building walls and roofs could fail at overpressures
as low as 3-4 psi.

The possible effects of blast overpressures on internal
combustion engine plants have not been as extensively
investigated as have thermoelectric and hydroelectric
generating facilities. The engine-generator set would
probably resist overpressures almost as great as would
a steam turbine-generator, but this is not the critical
factor. A typical diesel generating plant is usually
housed in a structure with relatively large window areas.
The windows could be expected to fail at about 0.5 psi
overpressure, and power production could be interrupted
by flying glass. Again debris damage to the electrical
system could be expected to occur at from 2 to 5 psi.
Thus, it can probably be concluded that the plant would
be out of service if it experienced 3 psi overpressure.
It might be out of service at pressures as low as 0.5
psi, depending on the results of flying glass from
broken windows.

The foregoing summary is very generalized and can be
used only as an indication of what might occur. Fea-
tures of construction or location of the individual
plant could result in either greater of less resistance
to blast effects.

The effects of blast overpressures on transmission
and distribution is summarized in Table 7.2, also taken
from Reference 33.

The values in Tables 7.1 and 7.2 appear to be fairly
well documented for small (20-30 KT) weapons. For
large weapons, it is known that the damage at any given
overpressure will be greater due to the longer dura-
tion winds. It is, however, difficult to qualify
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TABLE 7.2

OVERPRESSURE-DAMAGE RELATIONSHIP FOR ELECTRIC POWER
TRANSMISSION AND DISTRIBUTION SYSTEM ELEMENTS

SUBJECTED TO THE EFFECTS OF SMALL NUCLEAR
(20-30 KT) WEAPONS

Overpressure
Item Description of Damage psi

Transmission Poles broken, tilted, 5 to 8
line lines down
(wood pole)

Transmission Towers collapsed, buckled, 4 to 5
line lines down
(steel tower)

Cables, Wires Separated from supports 3 to 6

Substations, Broken control instru- 5 to 6
Outdoor ments, batteries, etc.

in metal cubicles

Substations, Broken control instru- 3 to 4
Housed ments and batteries

(unreinforced masonry
house with wood roof
assumed)

this information. In view of the lack of specific
data, it is recommended that the overpressure values
in the tables be reduced to three-quarters of those
shown when considering weapons in the megaton class.

It is estimated that the transmission lines would prob-
ably be down at about 4 psi; substations would be out
of service at about 4 psi; and local distribution lines
on wood poles would be down at about 2 psi. These
local lines are usually on poles about 100 feet apart
and the required clearance from other objects is less
than for the high voltage transmission lines. These
lines are, therefore, subject to debris damage such as
falling trees (33).

The conclusions Irom the above summaries are that al-
most any generating plant would probably be out of
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service after receiving blast overpressures of 3 psi
or greater and that local distribution lines would
be down at 2 psi or greater.

Table 7.3 shows the distance from ground zero to which
overpressures of 2 psi and 3 psi would extend, based
on information from Figure 3.66 in the Effects of
Nuclear Weapons (3).

TABLE 7.3

RANGE TO WHICH 2 PSI AND 3 PSI PEAK OVERPRESSURE WILL
EXTEND FOR SURFACE BURSTS OF VARIOUS YIELDS

Distance From Ground Zero--Miles

Yield 3 Psi 2 Psi

1 KT 0.38 0.47

20 KT 1.00 1.3

50 KT 1.4 1.74

100 KT 1.67 2.2

500 KT 3.00 3.8

1 MT 3.8 4.7

10 MT 8.2 10.2

20 MT 10.3 12.9

50 MT 14.0 17.4

For generating and distribution systems outside of
the area affected by blast and thermal radiation the
only hazard will be from the residual nuclear radiation
or fallout. The radiation intensity of fallout prob-
ably will be low enough to have no effect on matrrials
or equipment so the only consideration is the effect
on personnel.
It is apparent that if power is needed in an occupied

fallout shelter it will also be necessary that the
operating personnel for the electric power system be
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sheltered. It is also necessary that the plant can be
operated by the personnel in the sheltered areas.

It is probable that most thermoelectric generating
stations have areas in the plant which would provide
adequate shelter from fallout. However not many
plants are provided with operating and control systems
which would permit the plant to be operated from these
areas. In some of the newer plants this may be pos-
sible with relatively minor alterations or additions
to the control systems. In most older plants it prob-
ably cannot be done without major remodeling of the
system. Consequently some plants have adopted a pro-
cedure for shutting down if attack is imminent.

If the plant continues in operation during the fallout
period some fallout particles would probably be taken
in with the combustion air. Some of these would be
deposited in air preheaters, on furnace walls, boiler
tubes and flue gas passages and some would be exhausted
with the flue gases. There would, therefore, be some
degree of contamination of the steam generator. A
sheltered location for operating personnel would be
required until radioactive decay reduced dose rates
to safe levels but there would be no other adverse
effect on the operation of the plant. Therefore,
whether or riot a plant remained in operation would de-
pend on the availability of shelter for personnel and
the emergency policies and procedures adopted by the
management of the particular plant.

Hydroelectric plants can be operated more easily during
fallout than can steaml plants. By virtue of their con-
struction they provide excellent shelter for the
personnel in most cases. Inspection tunnels in the
dam, for instance, may offer a protection factor of
almost 10,000. In general it is not too difficult to
provide for remote or automatic operation and, in fact,
some plants are already set up for automatic operation.
Since air requirements are minimal there would probably
be no need for shutdown duiring fallout. As a conse-
quence, it is very probably that a hydroelectric plant
could stay in service if it received no blast damage.

Internal combusion engine plants probably provide
little in the way of fallout protection for their per-
sonnel, but such protection can be added at reasonable
cost. Because of the air requirements it probably
would be best to shut down during fallout, especially
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in the case of a gas turbine plant. However, restartirzt
is comparatively simple in most cases and prcisica
for remote operation can be made at modest cost.
Therefore, an IC engine plant can probably remain In
service, assuming no blast damage, if some advance
planning is done to provide for operation during oiý
after fallout.

Substations will present no particular problem, assuming
there is no blast damage, since their operation, in
almost all cases, is automatic. Normally no personnel
are required to be present; consequently, there is no
reason to believe that they could not operate normally
during or after fallout.

The high voltage transmission lines and the local
distribution lines probably will not be affected by
fallout radiation although the possibility exists
that the radiation intensity could be sufi~.ciently
high so as to cause ionization of the insulation,
resulting in high voltage shorts. However, there is
the problem of routine maintenance, especially on the
distribution lines. These lines normally require
almost constant repair work due to natural occurrences
such as falling trees or branches, lightning damage
to transformers, burned out transformers, or broken
lines due to snow or ice. Interruptions of service
from such causes are common and are usually handled
so as to restore service promptly. Under fallout
conditions, however, repair crews could not work on
the lines or could work only for a very limited time.

The power requirements for a shelter will be most
critical during the summer months when excessive
effective temperatures are mo't likely t- occur.
Unfortunately, this is also the time of year when
thunderstorms are most prevaleint, with their associ-
ated gusty winds and electrical disturbances which
wreak havoc on electrical distribution lines.
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From the preceding disicussion, a conclusion is that
electric utility power may well be uvailable at the shelter
but there is a possibility that it may not be available.
The designer might, therefore, consult the owner of the
facility to determine his desires in regard to the
provision of auxiliary power.

GAS UTILITIES

Any analysis of the availability of public utility
services should include a consideration of both natural
gas and liquefied petroleum gas (LP gas) services,
since gas can provide a source of energy for use in
a shelter. Even though it may not be as versatile or
convenient as electric power, the indications are that
it may be more reliable.

Gas, as a source of energy, can be applied for shelter
use in two ways. The first, aiid probably most versatile,
method would be to use the gas as a fuel for an engine-
generator. The electr 4 . output of the generator then
supplies the neces3ar ,ower for the, shelter. Engines
equipped to burn naturai gas are available both in
spark ignition and compression ignition types. The
compression ignition engines generally use the dual
fuel principle in which a mixture of gas and air is
taken in on the suction stroke and a pilot charge of
fu'l oil is injected near the end of the compression
stroke to initiate the combustion. Such engines
operate with about the lowest brake specific fuel
consumption (bsfc) of any internal combustion engine.
LP gas engines are readily available in almost all
sizes since they are all converted gasoline engines.

A natural gas engine wculd eliminate the necessity
of storing a supply of fuel in or near the shelter
since the fuel would be taken from the pipe line as
needed, provided there waE, reasonable assurance that
the supply would not be Jnterrupted. If a dual fuel
enginewere used, It would, of course, be necessary to
stor6 a supply of fuel oil for the pilot fuel.
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Fuel for LP gas engines would be stored in tanks
outside the shelter. These tanks may be either above
ground or buried and are necessarily pressure tanks.
Since LP gas for engine fuel use is principally propane,
the tanks will have a pressure of about 100 psi.

The second method of appli ition would be to use the
gas directly for the various shelter services such as
cooling, water heating, absorption air conditioning,
and even gas lights. This may be suitable for a
small shelter where the ventilation blowers can be
manually operated but in larger shelters it will be
necessary to have power for the fans Rnd blowers.
Although it may be possible to provide some sort of
gas turbine drive for these, it would probably be more
simple and less expensive to go to the engine-generator
application. In some !ases it may be desirable to use
gas for heating, cooking and air conditioning and
provide a smaller engine-generator for lights and power
for the ventilation blowers.

Stidies of damage at Hiroshima and Nagasaki and the
series of tests made in Nevada in 1955, indicate that
the underground gas mains are little affected by the
blast. However, there would be a serious problem of
breakage in service connections even out to overpres-
sures as low as 2 or 3 psi.

In an LP gas installation, the fuel supply is stored on
the premises and would be continuously available.
Since the tanks are under pressure, no pump is necessary
to cause flow from the tank to the appliance or engine.
In the last days of the shelter occupancy, it may be
possible to receive delivery of additional supplies;
fuel from tank trucks which can be filled at bulk
storage plants, provided radiation levels permit. It
would require only a few hours exposure of the truck
driver to deliver fuel supplies to several shelters.
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It may be concluded that natural gas and LP gas would
offer a more reliable source of energy for a shelter
than would electric power. but that the application
of gas for shelter use would be more complicated and
probably require more expensive equipment.

POWER FROM HUMAN MUSCULAR OUTPUT: The one source of
power which will always be available in an occupied
shelter is that which can be produced by the muscular
effort of the occupants. The ability of humans to
produce power should, theref-re, be considered in
relation to the power requirements of the shelter.

The amount of power which can be produced by a human
being depends on age, sex, physical condition and
general level of skill at the task being performed.
It will also vary with psychological motivation and
with environmental conditions.

The power output will depend on the portion of body
muscles being used. In general, when only a small
part of the muscles are used in work or exercise, the
power output is small and fatigue sets in rapidly.
When larger muscle masses are used the power output is
greater and the effort can be continued for a longer
period of time.

One of the simplest methods of utilizing muscle power
is hand cranking. However, in this method only the
hand, arm and shoulder muscles are used and the power
output is small. The person doing the cranking will
tire rapidly and the power output will decrease quick-
ly. Since the cranking is done at chest level the
person must assume a fairly rigid, uncomfortable pos-
ture and discomfort soon sets in.

The method which uses the grealrest number of muscles
is rowing, using a sliding seat. This is the method
used in crew racing shells. In a cev race a work
rate of 1140 Btuh, or about 0.45 horsepower, has been
recorded. This led to exhaustion in 22 minutes (10).
The complexity of the movements involved require con-
siderable training to master the necessary level of
coordination. This, plus the bulky equipment required.
make it an undesirable method for shelter use.

Probably the most effective method of applying muscle
power in a shelter is by pedaling. The large leg
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muscles offer a more constant level of output and,
since tbe legs are relieved of the body 'weight, the
duration of output can be expected to be longer. An
additional advantage is that cost people are trained
in pedaling a bicycle and can perform the task more
or less auto~atically.

Figure 7.1 shows the relationship between po'er out-
put and energy expenditure for crankipg and pedaling,
the two most common methods of utilizing muscular
energy. It can be seen from the chart that a given
energy expenditure will result in a greater power out-
put by cycling than by cranking. Conversely, a given
power output can be attained with less expenditure of
energy by pedaling.

Figurz 7.2 shows the the maximum work capacities for
fit young men. As the power output increases the
length of time fvor which the effort can Le sustained
decreases rapidly. A power output of 6.i horsepower
can be sustaired for about 8 hours, but an output of
0.2 horsepower can be sustained for only about 40
minutes.

rhe curve shows the work capacity for youlng men who are
physically fit. The average person probably cannot
sustain an output of more than about half of the values
given. Reference 38 states that 0.10 horsepower can
probabty be sustained for 3 to 4 hours by a large pro-
portion of the individuals in a shelter: i.e., females
of average physical fitness from 13 to 50 years of age,
and aales of fair or better physical fitness from 10
to 50 years of age. If a device requires an input of
0.15 hp it could be used, for sustained periods, only
by males between 16 and 30 years of average or better
fitness.

It should be noted that the metabolic rate of the per-
son doing the work increases sharply From Figure 7.1
the energy expenditure for an output of 0.1 hp is
about 1500 Btuh for the cycling operation and approx-
imately 1900 Btuh for the cranking operation. Thus
the person working on a manually operated blower will
produce 4 to 5 times the metabolic heat of the average
sedentary occupant.

If it is assumed that half of the shelter occupants
would be capable of producing one-tenth horsepower for
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2 period of 3 to 4 hours it is possible to determine
the power available from the occupants of a shelter.
This power is: of course, input power to the shaft of
the device being operated. The output power available
will depend on the efficiency of the device.

A theoretical calculation is given for the horsepower
required to move a cubic foot of air against a resis-
tance of 0.1 inch of uater, assuming a fan efficiency
of 100 percent.

(62.4 lb/cu ft)(1 ceE)(0.! i;;)

hp (12 infft)(33,000 ft lb/hp - min) - 0.00001573

(Eq. 7.1)

The efficiency of the fan depe:ads on the shape of the
fan blade, and upon the speed of the blade tip. The
best efficiency that can be expected from fans opera-
ted at design speed falls in the range of 70 to 80
percent. This relatively high efficiency occurs when
the fan is delivering from 40 to 60 percent of its
nax imam capacity, and if the capacity of the fan is

increased by increasing the speed of the fan blade,
the efficiency falls quite rapidly. For a forward
curved blade operating at 80 percent capacity, an
efficiency of 20 percent might be expected. If a
plentiful supply of electricity is available, it is
only necessary to oversize the fan motor in order to
increase air flow, with the only penalty being an
increase in power consumption. Therefore, it is not
uncommon xo find a major portion of fans in commercial
applications operating in the range of 20 percent ef-
ficiency.

For fallout shelter use, -here there may be limited
power available, aad especially if the fans are to be
driven by the muscular activity of the occupants, this
practice should be avoided. Fans should be selected
and sized to operate at maximum efficiency in order to
conserve the energy of the occupants. This would mean
that in most cases fans would deliver 40 to 60 percent
of rated air delivery capacity, but would operate at
70 to 80 percent efficiency.

EXA31LE 7.1: Determine the horsepower input required
tfor a manually operated fan for a 100 occupant shelter
with a ventilation rate of 20 cfmr per occupant, if the
fan efficiency is 7C%. The fan must overcome a resis-
tance of 0.25 inch of water.
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SOLUTION: From Equation 7.1 the horsepower required
is 0.00001573 hp per cfm per inch of water. There-
fore:

hp (100) (20) (0.00001573) (2.5) 0.1125 hp0.70

If one-half of the occupants could produce 0.1 hp each
for a 3 hour period, the power requirement appears to
be within the capabilities of the occupants.

A single one-man VK can supply the necessary 2000 cfm
if the equivalent length of duct is 200 ft. This is
due to the fact that 200 ft of 20-inch round duct has
a friction loss, or resistance, of only about 0.12
inches of water whereas the example was computed for
0.25 inch of water.

The power required to operate a pump for well-water
cooling can be estimated from the following equation,
assuming that 0.15 gpm per person is required.

hp = -(0.15 gpm)(8.33 lb/gal) = 0.0000379 hp per'35000 ft-lb/hp-min person per

ft of head

(Eq. 7.2)

The head will consist of the gravity head, depending
on the depth of the well, plus the equivalent head of
the pressure loss through the piping and coil. Ii a
total head of 100 feet is assumed, the power require-
ment for a 100 occupant shelter will be 0.37h hp for
a pump with 100 percent efficiency. If a positive
displacement pump with an efficieny of 50 percent is
used, the power input becomes 0.758 hp, This would
require the combined effort of 8 persons.

It would still be necessary to operate a fan to supply
ventilation air and to move it across che coil. If a
ninimum veutilation rate of 3 cfm per person is assumed
and the water coil adds 4 inch of water to th3 resis-
tauce, the required horsepower is:

hp =(3)(100) (.00001573) (2.5) = 0.017 hp0.70

if a fan efficiency of 70% is assumed.
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4 The total power requirement is thus 0.775 hp which
would require a mechanical or electrical power source.
There is no manually operated device available which
would permit the simultaneous input from eight persons.

Other than the VK units and a few types of small,
hand-cranked blowers, manually operated devices to
meet the requirements for shelters are not available.
Generally it would not be feasible to design and fab-
ricate a special system for a specific facility.

AUXILIARY POWER SYSTEMS: The previous discussion has
indicated that it might be desirable to provide an
auxiliary power system for many shelters. It is nec-
essary, then, to consider the various types of systems
which are available in order tc. determzne which would
be most suitable for use in the shelter.

The possible systems which might be considered are:
1. Storage batteries

2. Internal Combustion Engines
3. Gas Turbines
4. Steam Engines or Turbines

There are many other power producing devices which
might be considered, such as solar cells, thermoelec-
tric devices, fuel cells, magnetohydrodynamic (MID)
generators, thermionic generators, and nuclear power.
These may be eliminated from consideration, at the
present time, since they have not yet been developed

4 to the stage where they are competitive with more
conventional power generators in terms of cost, effi-
ciency or reliability. Of those mentioned, the fuel

* cell has probably been developed to the greatest
extent and is very close to being competitive with
interiial combustion engines in cost and exceeds them
in efficiency. However they are not yet reliable
enough to merit serious consideration for shelter use,
although this could change witbin a few years.

In considering an auxiliary power system for shelter
use, some of the factors which must be taken into
account, not necessarily in order of importance, are
listed below:

i I1. Availability

2. First cost
3. Operating cost
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4. Reliability
5. Ease of starting and operating
C. Maintenance requirements
7. Storage characteristics
8. Safety
9. Air and water requirements

10. Auxiliary equipment required
11. Space requirements

A brief review of these criteria would tend to indicate
that steam engines and turbines could be eliminated on
the basis of the large amount of auxiliary equipment
needed (boiler, pumps, condenser), the space required
for this equipment, the high first cost, the large
amounts of water required (about 40 pounds of condenser
cooling water for each pound of steam), the large
amounts of combustion air required, and the fact that
trained personnel are required to operate a steam
plant. In addition, it is generally considered that,
for capacities less than about 5000 kw, a steam plant
is less efficient than a diesel generating plant.

Storage batteries can be eliminated c- the basis of
high first cost, the need for auxiliary battery char-
ging equipment, large space requirements for a given
capacity, poor storage characteristics, and the fact
that the acid used as the electrolyte constitutes a
safety hazard, as do the explosive fumes produced
during the recharging process. However, it would
probably be desirable to have batteries available,
i.arhaps of the so-called dry-charge type, for starting
the auxiliary power system and for emergei. v lighting.
It would also be desirable to have a supply of dry-
cell batteries for flashlights and lanterns, These
would have to be replaced at least once a year during
the standby period since they have a very short shelf
life.

This, then, leaves internal combustion engines and gas
turbines to be considered as the prime mover for the
power system. These may be considered under three
main headings; compression ignition engines, spark
ignition engines, and gas turbines.

COMPRESSION IGNITION ENGINES: Compression ignition
engines, commonly referred to as diesel engines, are
available in many different forms: air cooled or
water cooled, two cycle and four cycle, naturally
aspirated, supercharged, or turbocharged. They are
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generally low-speed, heavy-duty engines, relatively
large and heavy for their power output. They operate
either on No. 1 or No. 2 fuel oil or, in the dual
fuel type previously mentioned, on natural gas. 'The
dual fuel engines are not readily available in the
smaller sizes and, therefore, should be considered
only for very large shelters.) They are built in
very large sizes, but only the sizes of 500.hp or
less will be considered here.

Reference 41 lists the power ranges of industrial
diesel engines, operating at rated speeds from 1200
to 2400 rpm, as follows:

Two cycle, water-cooled, supercharged 33-500 hp

Two cycle, water-cooled, turbocharged 140-500 hp

Four cycle, air-cooled, naturally
aspirated 6-23 hp

Four cycle, water-cooled, naturally

aspirated 4-500 hp

Four cycle, water-cooled, turbo-
charged 70-500 hp

Diesel engine-generator sets are available in power
riatings from 1 kw up. although they are not produced
in quantity as are engine-generator sets using spark
ignition engines. The cost of a 1 kw unit is approx-
imately $1,000, but the price per kilowatt decreases
for larger sizes, At 5 kw the price is about $300/kw
for an air-cooled diesel-generator set.

Diesel engines normally provide rugged, reliable,
economical service but are quite sensitive to varia-
tions in intake air temperature and pressure. An
increase in temperature and/or a decrease in pressure

jwill cause a reduction in density of the air, resul-
ting in a decreased mass of air being taken in on
the suction stroke. The decreased air limits the
amount of fuel which can be burned and causes a de-
crease in power. A naturally aspirated engine is
also quite sensitive to exhaust back pressure, especial-
ly the two.-cycle model. Supercharged and turbocharged
modals are relatively unaffected bv exhaust pressure.
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Because of their higher compression ratio and more
massive components, diesel enigines are somewhat harder
to start than spark ignition engines, especially in
cold weather when the fuel oil does not vaporize
readily. However they can be started with standard
battery-operated starting mechanisms. In cold weather
they are often primed with a small amount of highly
volatile fuel, such as ether, for starting purposes.
Engines up to about 5 hp can probably be started man-
ually with a rope starter. Larger engines would re-
quire some sort of energy storage system for manual
starting.

Compression ignition engines offer some advantages
from the standpoint of safety. The fuel is not highly
flammable and does not vaporize at normal atmospheric
temperatures so that the danger from tire or explosion
is negligible. The exhaust fumes from the engine are

objectionable from the standpoint of odor but have a
lower CO content than those from gasoline engines.

Since any engine-generator set for auxiliary power
service must stand idle for long periods of "ime the
storage characteristics are important. For shelter
use the storage period is usually taken as ten years,
to be followed by two weeks of continuous operation.
The equipment must be capable of sitting idle for long
periods of time and still be readily started and oper-
ated when needed.

Any engine is susceptible to rust, corrosion, rotting
and mold when it is sitting idle. In addition ther.e
would be fouling due to gum, sludge and sedimentation
from fuels and lubricants stored in the engine and loss
of liquids due to leakage or evaporation. A further
problem is the deterioration of fuels during storage.

It is necessary to set up a maintenance procedure dur-
ing the storage period to insure that the power system
will be ready when it is needed, In general this will
mean "exercising" the engine at frequent intervals
and replacement of the stored fuel as needed.

The compression ignition engine is somewhat less vul-
nerable to the formation of gum and sludge in the fuel
since the fuel filter will remove it before it reaches
the injectors. However, the injectors will clog very
easily if the impurities pass the filter. In fact,
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the injectors are the most likely source of trouble
in the engine. If they should become clogged the only
remedy, under shelter conditions, would be to replace
them. Consequently a spare set of injectors should
be provided, along with the instruction manual for the
engine and the necessary tools.

Fuel oil for compression ignition engines does not
deteriorate during storage as rapidly as gasoline, but
the storage life is still relatively short. It can be
stored in an above-ground vented tank for approximately
one year and in an underground vented tank for about
three years (41). The longer storage life in under-
ground tanks is due to the lower temperature expected.
If, in addition to being underground, the tank is sealed,
the storage life can be extended to approximately four
years.

The amount of fuel to be stored will, of course, depend
upon the size of the engine and the specific fuel con-
sumption. The specific fuel consumption will vary with
the type and size of engine, with the smaller ongines,
in general, showing a higher specific fuel consumption
than the larger engines. Air-cooled diesel engines in
the size range of 20 hp or less can be expected to
show a specific fuel consumption of approximately 0.5
up to about 0.65 pounds per horsepower hr, the fuel
consumption increasing as the power rating decreases.
Water-cooled, naturally aspirated, engines can be
expected to show a fuel consumption of about 0.75 lb
hp/hr for the smaller sizes, ranging down to about 0.5
for an engine of approximately 100 hp and somewhat less
than this, perhaps about 0.45, for engines of 200 hp or
greater. Water-cooled, turbocharged, 4 cycle engines
can be expected to show a relatively constant specifi
fuel consumption regardless of the power rating. A
typical value would be approximately 0.45 lb per hp-hr
(41).

SPARK IGNITION ENGINES: The automobile engine, which is
relatively familiar to most people, is the most common
example of the spark ignition engine. Although most
such engines operate on gasoline they are also avail-
able for operation on natural gas or liquefied petroleum
gas. For auxiliary power generation an industrial type
engine which is more conservatively de.Lgned, would be
preferable to an automotive engine. Spark ignition
engines are available in many different forms; there are
water-cooled and air-cooled, two and four cycle, natur-
ally aspirated, supercharged or turbocharged. Two cycle
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spark ignition engines are generally limited to the
smaller sizes, about 10 hp or less, because of their
short service life, somewhat lower efficiency, and
poor speed regulation. The short service life and
louer eificiency may not be too important for the
short term application in a shelter, and, therefore,
a two cycle engine may be suitable in the small sizes,
principally because of its somewhat lower first cost.
Supercharged and turbocharged spark ignition engines
are not commonly used for industrial service, because
of the high temperalure problems. There are, however,
a few engines of this type, using LP gas, avaLlable
in the larger sizes.

Industrial gasoline engines in sizes up to about 5G0
hp are available and are designed to operate at speeds
from about 1200 to 3600 rpm. Air-cooled, four cycle
engines are available up to about 70 hp and water-
cooled, four cycle engines are available from about
3 hp to about 500 hp, using gasoline as fuel. Engines
using LP gas as the fuel are basically gasoline engines
which have been modified and consequently are available
in approximately the same sizes. Iln addition there
are available two cycle and four cycle water-cooled,
supercharged engines in the size range from about 225
hp up to about 500 hp.

Spark ignition engines are generally smaller and
lighter than compression ignition engines of the same
power output, and operate at some.hat higher speeds.
Engine-generator sets using spark igniLion engines
are readily available irn sizes from I kw and up. A
1 kilowatt set can be purchased for as little as one
hundred dollars but this would be a unit for inter-
mittent duty only. For continuous service it would
be necessary to pay approximately two hundred dollars
for a 1 kilowatt unit. As is the case with the diesel
engines, the cost per kilowatt will decrease for the
larger sizes, dropping to about one hundred dollars
per kilowatt for a 5 kilowatt engine-generator set.

Spark ignition engines show approximately the same
seitsitivity as compression ignition Pngines to varia-
tions in intake pressure and temperature and exhaust
'ack pressure. When using stored gasoline as the fuel
the engine is subject to malfunction of the carburetor
due to the gums and residue formed by deterioration of
tthe Wuel. The ignition system is also subject to mal-
function clue to corrosion or moisture which could form
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during the storage. Thus the standby maintenance
procedures become =ore important in the case of the
spark ignition engine.

From the statidpoint of safety, a gasoline fuel unit
leaves something to bee desired. Gasoline is highly
volatile and forms a vapor which is heavier than air.
Aleak in the fuel system could release the vapors into
the shelter where they could form an explosive mixture
which could easily be ignited. The exhaust gases frm
a gasoline engine have a high carbon monoxide content
which would be a potential hazard to the healih of the
occupants if the exhaust is not ade-quately vented to
the outside.

An engine using LP gas as the fuel would be even more
dangerous from the standpoint of the volatility of the
fuel since the principal constituent of a liquefied
petroleum engine fuel is propane, which vaporizes at
approximately -40oF at atmospheric pressure. The vapors
are heavier than air and will collect in low spots in
the terrain. This fact has caused some doubts concer-
ning the suitability of LP gas fuels for an underground
shelter.

The specific fuel consumption of spark ignition engii.es
will be somewhat higher than for compression ignition
engines. For gasoline, air-cooled enginer the fuel
consumption can be expected to be frG-m about 0.7 to 0.8
H, pe- hp-hr. A water-cooled engine of comparable
size will probably show a fuel consumption somewhat
higher than this for power ratings of about 50 hp or
less, decreasing to approximately 0.65 for engines of
200 hp or over. LP gas engines will show a sonewhat
more favorable fuel rate for power ratings of 50 hp or
greater, with a rate of about 0.5 lb per hp-hr being an
average value (41).

The storage characteristics of gasoline are the poorest
of any of the fuels while, on the other hand, LP gas has
probably the best storage characteristics. Gasoline, as
purchased from a service station, is normally not stored
more than 6 months but may be stored up to one year if
loss of some of the more volatile _omponents can be
tolerated. This would affect the starting ability but
probably would not otherwise affect the usefulness of
the fuel. In an underground tank the storage period can
be extended to about two years and if the tank is sealed
the storage period may be as much as five years.
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LP gas is ailays stnred in = sealed tank since it must
be under prensure to remain a liquid. The storage
lite is (orsidered to be at least 10 years and probabiy
lo.er. Some sources claim that it =ay be stored in-
de,_:tin-!-, %ithout detwrioratio)n.

Gas Tiurb.i es

The theoretical coRcept of the gas turbine er.gine is
not aeo, but it has been only in comparatively recent
years What techrological advances have made it possible
to build a practical engine. The chief advantage of
the gas turbine in the large power output from a small
ergine which is basically simple and reliable in its
operation. The principa! applications have been as
large prime =overs -or power generation and pumping
services and for aircraft use. At the present tine
the aurcnmotive gas turbine must be considered as being
sill i. the develormental stage.

There are very few small gas turbines in production at
the present tiae and most of those zhict. are in produc-
tio)n are intended for sr.ciiic military applications.
l-its as small as 25 hp are listed as available and
nany units of over 509 hp are :ctually in service.
Since the availability of a unit which would be suit-
able for shelter application is questionable, it would
not "e very meaningful to discuss the operation char-
acteristics and economic factors in any detail. Because
of the limited production it is vu-, probable that the
cost of gas turbine units would not be competitive with
other types of engines. Also it migbt be pointed out
that the combustion air requirements for a gas turbine
would be from 5 to 8 times as much as for reciprocating
engines. This would require large intake air and ex-
haust ducts which could create serious problems in
maintaining the shielding integrity of the shelter.

In summary it can be said that the compression ignition
engines would be superior from the standpoint of de-
pendability. operating costs, and safety and that the
fuel %ould nave be:ter storage characteristics than
gasoline. The spark ignition engines would be superior
irom the standpoint of availability and low first cost
and that LP gas uould have the best storage character-
istics of any of the fuels. Since LP gas engines are
modified gasoline engines, their first cost would be
essentially the same as the cost of the equivalent
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gasoline engine, plus the cost of the modification which
wuald prc-bably be between 25 and 50 dollars. The gas-
o-ine engine would have one additional advantage in
that it is the most co=on type of engine and is most
familiar to the average person. In case of operating
difficulties it would be more likely that the occupants
of the shelter would include one or more persons who
would be capable of performing the necessary repair
work. Gasoline is also the most readily available fuel
and could be obtained from autos or service stations
near the sheltei if necessary. LP ga- ergines are
probably the least Ifaoitar of any of ti.- engines and
it would be very unlikely to find a pe_'son in the
shelter who was familiar with their operation and cap-
able of doing any necessary repair work. Although the
basic engine is the same as the gasoline engine, the
carburetion system for an LP gas engine is significantly
different and would be very unfamiliar to a person who
had not had experience with this type of engine.

Heat Released by Internal Combustion Engines
The total heat input to an engine can be determined
from the specific fuel consumption and the heating
value of the fuel. The product of these two factors
will give the heat rate in Btu/hn-hr. The heat rate
multiplied by the power output w-il give the total heat
input to the engine in Btuh.

Only a portion of the heat input will be converted into
power, the exact amount depenaing on the thermal effi-
ciency of the engine. The thermal efficiency can be
as low as 20 percent, or even less, for a two stroke,
air-cooled gasoline engine or as high as 35 percent
for a four stroke, water-cooled, turbocharged diesel.
Typical values for a four stroke, water-cooled, gaso-
line engine would be about 25 percent and about 30
percent for a naturally aspirated diesel engine.

The heat which is not converted into power must be
removed from the engine. Part of it will leave in the
exhaust, part will be removed by the cooling system,
and part will be radiated to the surroundings. The
exact proportion of heat removed by each method will
depend on the type of engine. Table 7.4 taken from
Reference 41, shows typical heat balance and heat
rejection rates for various prime movers. The data
are representative only and there may be wide varia-
tions in engines of the same type. Also the heat
balance will vary with the load on the engine.
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T.LILE 7.4

;~rr~eFOZ.r CTCLir T~s Cycit -Sour Cvcle Diesel

Po~ ~~~4r. E; ton3 :53
Yuel Egerg;y
Con:*erte4 ;0

Fuel Eercy

Coolant, t W, 221 260

Fne! E'ierrgy
Rejec;ed inr
ExL-aust, 1 32 37 29 30

Fuel Energy
iRejecied as
2adiat ion, 3;12 12 -It 13

Co Ian:
Heat Loss
Btu/ihp-hr 2,900 1,800 1,600 . 100

Exhaust
flea t Loss
Btu hp-hr 3,100 3,100 2,100 2,500

Eihausl Gas
Tem;p., OF I, 20o 600 Soo 900

R::diat ion
Heat LOSS,
Btu, hp-hr 1,160S 1,030a 1,020k U:050*

(a) Turbocharged (b) Naturally Aspirated

Values added by tae author.
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F'or 2n air-cooled engine all of :.,- heat not converred
into, poer or rejected in the exb-ovst zmst. be rezoroed

thh~e coolling air-. In~ a Iiuii-cooled engxine part of
this bzz is rejtrc~ ed to the jacket cool~at 2ed mustu
rten be dis,-_sed cf It-v seme other means- Met~hods by

±c tk-ls =2 be acccm;-lisn.ed include:

3- Direct irtze-up
4- izeea!

Am crigine m-auned radistc,.~ syszeQ would require cooling
air a~nd tnld, there~o-e, *ezessitata about the Sara-
total quant-:ty C-i T-eailating a~ir fbr the Pover system
enc-los-ure as %w~ild an ai -cnledi eagince- The sy'sten.

m-e suipply of water bErsoad zbat requireed !or
the in~tzil filll!3g excs' for posgible s=211l a~ounts
Of mnaýe-up water- Of Course ----e crf the mion-aquet-ms
coolants could be uzze instead of lhier. Tbis nuight
bave some advza,.2geS for inhibilting rust d-tring the
storage period.

17r order Eo r.-~duce the quantirf- of~ ventzilation air
reauired a reawte zzdiatc~r can loe used. The radiator

cE ten te Icacted sutsicde of tie sh~elter e-nclos-ure
wbere a free circulation of air can be azsured. This
"zxld require additionazl piping andi, probsbly,. a cir-
culating ptmp. However this migbt well. b less costljr
thcan providivg ad~dit-ionall Tent ilat i g ca pacity for the
power system enclIcsure. Olbiciusly if the sheiter is
to provide blast protection- the --eamote radiator would
also require prcte~ction against blast and shock.

The -requireaent for ventilation air also Can bea reduced
by using a direct nak-e-up cooling systza. Hiere -the
radiator _is renlace-I by a stanopipe ard a tenperatuire-
controlled valve Wifh. appropriate "oate~r coarections Zoý
the engine and w2azer supply. The water is circulated
through the engine~ by an engine-driven pump and the
temperature sensing ele-ment i;n the hot wa2ter discharge
line from the engiae contr-ols tbe flow of make-up
Teater. Hiot leater ov-erf lows from the sta ndpipe artk~e
same rate as the cold make-xp %rater is supplied. This
system would probably provide the best 4cooling cbarac-
teristics of any of the systems but it requires very
large quantities of -water. It could not be used. where
water supplies are limited. 't maight ;Aell tz considered
if an adequate water weil is incorporated in the sielter
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des 4.g a. fotnr~a installations, thbs. 3ter sho7,;ld be
softened- before entering the-r engin inodrtýrd

t:, ra;e of eito of dissolved or st.,5eeaded solids
sifct. these dev!'ssits will _-euce th'e ef.ectivernass of

Vie te t-sasfer F~c' or shelter1 ase. hbnwever,

s'ri-us of~ Osoo~itn cajpacity. Irbus, it should not
be iec:!.sary to provi,ýe tirte a*rge a)ie costl? zatc-r

1Tcer beat ",n e-anger siy-s-en r-e~oves tie =,as-te beat of
the env nc by Zraasfer I rou tw~ coolant circulating

~~ter% n etecager. Th1"e circulating water then
go~es to a cooling tower or spr27 pzcvnd where It is
t-ooled by evaporation and al~ crcuain This system
veujld require less make-up water than thz_ di-rect zake-iup,
the exact ancotrat depeading bn the type of Cooling twver
or pond used. Tan a blasE aroie _ed sheller the cooling
tower 7wauld be very susceptible to blast damage vPict~b
night Mke the systeft 'uZhe or uzse.

The direct make-up systen is centainedi :oapletely writhirm
the shelter and is,, dierefors, -_Ot ssubjectE to da~age
fromi the hbiast -oave, bý;t -- blast valve rouxld be required
on the water discha~rge atnd supply ti-nes. In any type of
system the equaipinent mist be- A~ounted to protect against
grounad shock i! the shelter is to include blast protectiorL.

An any olf the syst~ems, waste heat may be recovered Af~

the exhaust gas~ or the engine ccoolant, by ieeans of
Suita~lc beat exchangers, 'for use 4-a te-apering the
shelter ventilation air du~ring erold weather, in ?-ny~
installazicrns thz =,,-y be the- only socrce of beat for.
this ptzrpose and in the colder ael-tiofls of rtee country

..,ulc be an importan*- cozas~deration in the design.

The heat vhich must be removed from the eriginie room
includes the heat produced by the generator. This
will, of coiur-se, depcnd on th~e e-f-fciency :J the gen-
erator, which nay vary fro~ abo~.ut 65 to, 80 percent.
if more specifiý zinforrsation is not available, an
efficiency of 70 perc'ent m~ay be used for eSti~tion
purposes. Thus, the output of the generator will he
only 70 percekat of thie snaft power of the engine and
30 vercent of the sha.ft horsepower will. b,,. dissipated
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as heat ti:, tit-e sur-roundings. Tnis amounts Ito ab~out
764rm ps-rhp-r.Sine* ate cappacity ofthe

genierator set is norv-ally tp-esseJ ain tarms of r:6e

the beat llg f!-ors te ou!2put. This can be obtain~ed
f .-On

0 ~3413 (100 - e) is auw-n:w-h (Eo. 7.2p

I~ero 3413 is -the Btu aq;-valest --.1 a k1!c
aa e is the generator elfi~-iency -in perem FOV 2n
effiziency of 70 percerst, 4 ~d i at:-,-t -1463 3~

kvh f ger-eratOr OVPv(
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CHNAISHEI V I I

AIR. FILTRATION UUREWP

In any discussion of ventila-..ion systems for fas.I~out
shelters a frequently occurring questlOn is oue lco=-
cerning the need for filters to e:ýciude ,7a.1otut par-
ticles from the ventilation air. Conseqtuent."y it is

worthwhile to discuss the possibilitites of eztrainseat
of radioactive particles in the air strea!% azd the
possible ef'fects on the occapants of the shaiter,

The nature and characteristics of fallout- ake covered
in, detail in Reference 3Y buzt can be briefly su~mmrl-ed
here. It consist.; of pariticles w-hich range in s-ize&
from a fine dust to several hundr-ed r-1crons in a-%
diameter. A micron is 0,001 =a or aboet 0.0004 inches.
The fallout material is radiaactive because of the
radioactive fission croduc-ts whicb adhere to the par-
ticles of earth, *r otber materials, wbich have been
pulverized or vaporized by the detonation. Trhe great-
est a~ount ofý :fallout Would result &_msufceo
shallow subsurface biursts. Tbese part.icles ar-e car-
ried upvrkrd- by the risinig cowluas of h2-ot gases andi fal!
black to ear-th over a period of imie folloawing t-e
explosion.

During the time the particles are lalictg rtbev are
carried by thie -1inds to distance bs h~cres wilth
the tire required for then to ffall back tO earth, The
rate at which a particle falls depeuds on size, shave.
iweight and the characteristics of tbe air, but; gef
erally speaking., the larger particles fall fse i
are less affected by the winds. The svaller p-articies
fall mcre slowly and are carried to greater diszanCes
from the point of origin before reaching the ea~rth.
Consequently the particles which settle to the grounc
at any given di-stance from ground zero will var-Y over
a rather narrow range of' sizes with the average particle
size decreasing as the distance i~ncreases.

The time of arrival of the various sized particles will
eepend on the height of the clouds from which tEhey fall
and the size of th-e particle. For example, a particle
with an effective diameter of 100 microns would require
about 10 hours to ffall -from a height of EO,000 feet and

8-i



reach the g:ound with a terminal velocity of about
120 feet per mainute. If the effective wind speed were
15 miles .er hour it would be oeposited 150 miles from
th.- point of origin. At this location particles larger
than 100 microns would not be deposited sirnce they would
have fallen to the earth before reaching there and
smaller particles would remain aloft, to be deposited
farther downwind.

This simplified analysis does not take into account
the possible effects of rain or snow which would tend
to "wash" particles out of the air and cause them to
be deposited sooner than otherwise would occur nor
does it consider the effects of downdrafts or updrafts
in the atmosphere. In addition it does not consider
the effects of possible multiple bursts of various
types;, sizes, altitudes and locations which can pro-
duce fallout patterns which overlap and reinforce
each other.

The radioactive components in fallout from land surface
bursts are associated with the particle- in such a way
that the activity increases approximately as the square
of Zhe particle diameter. Thus the highest levels of
radioactivity would be associated with the largest par-
ticles whicL would fall close to ground zero and would
diminish progressively with smaller and smaller par-
ticles reaching the ground at greater and greater dis-
tances from the point of origin. The smaller particles,
regaining aloft longer, would also undergo considerable
radioactive decay before reaching the ground.

Mathem-tica! models used to compute fallout distribu-
tion and radiation levels generally do not consider
particles less than about 40 microns in diameter since
particles smaller than this do not contribute signifi-
cantly to a standard radiation level greater than 1
roentgen per hour. (The standard radiation density
is defined as the observed radiac dose rate 3 feet
above a uniformly contAminated open area produced by
the total deposited fallout corrected for decay to 1
hour after detonation). Wlien it is considered that
particies this size may take 15 hours or longer to
fall and, in that time, will have decayed by a factor
of 25 or more, it can be seen that they do not con-
stitute a serious threat. Thus the danger of exposure
to gamma radiation is associated with particles g-'eater
than about 40 microns in diameter.

8-2



There are, however, other potential hazard.s from
radioactive fallout which must be considered: (1)
inhalation of particulate matter with resulting radi-
ation exposure to internal organs and (2) contact of
contaminated matter ith the skin and its resulting
radiation exposure.

Inhalation of particulate matter would result in its

being deposited in the lower respiratory tract fron
where soluble material is taken up by the blood. Au-
thorities substantially zgree that the hazard is limit-
ed to particles less than about 5 microns in diameter
since the nasal passages act as zn effective filter
for larger particles. Particles larger than 30 microns
seldom enter the respiratory tract and 10 microns is
considered the largest size of any real importance Kn
normal inhalation exposure. From the preceding dis-
cussion it is apparent that there is little need for
concern about particles this small and there is no
need for filtering ventilation air to prozect agaiist
the possible inhalation hazard.

The contact hazard is concerned almost completely with
teta radiation from fallout material deposited on the
skin. Exposures of 500 to 1000 rads are required to
cause redness and inflammation of the skin and several
times 'hat for more serious burns. Yxposures of this
magnitude would be expected only from handling concen-
trated sources of radiation or being exposed directly
during the time fallout was being deposited in areas
where a disabling dose of gamma radiation wculO also
be expected. Without the gamma exposure the beta burns
would be painful but probably not iucapacitating. The
most important factor here is tHe gamma radiation since
the beta hazard would be minor except in the presence
of the more serious gamma rldiaticn hazard. In a shel-
ter, fallout particles entering with the ventilation
air might constitute a gamma radiation hazard but, if
this were controlled, the beta hazard would be of no
serious concern. Consequently there is no need to
filter the ventilation air to protect against the con-
tact hazard.

There remains to be considered the hazard from ga-ma
radiation associated with paiticles greater that about
40 microns. This could be of concern if sufficient
material entered the shelter so as to cause a s:ignifi-
cant reduction in the protection offered by the shelter
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against ganna radiation. It is necessary, therefore,
to estimate the effect of fallout particles entrained
in the ventilation air on the protection factor of the
shelter.

There are two main methods by which fallout particles
right enter the shelter. The first is through windows
which have been opened to permit ventilation or which
have been broken by blast effects. The second is
through the operatior of powered ventilation sys;tems,
either those normally encountered in building con-
struetion or those provided in a single-purpose shelter.

The first method is of concetrn principally in the
btilization of above-ground are-as of existing buildings
as fallout shelters. It has alre-ady been stated that,
in av=- z:ses. these areas will del~nd on natural ven-
tilation and therefore, it is to be expected that
windows wili be open. Such facilities are also the
most vulnerable to glass breakage due to blast effects.

The velocity of air entering through windows on the
windward side of the building will be less than the
incident wind speed because of the orifice effect of
the windGws. The effect varies according to the frac-
tion of the wall accupied by windows and the angle at
which the winds strike the wall and for most buildings
would be quite large. Reference 27 gives an effect-
iveness facter of 0.2 to 9.25 amd Reference 55 gives
an experimental coefficient of 0.2, although there
was considerabie variation around this value. Air
velocities through the windows varied from about 180
fp= to about 230 fpm when the wind velocity was from
6 to 10 rph f528 to 880 fpm).

When these flow rates are compared with average terminal
velocities of particles fall:.ng in heavy fallout areas
(120 to 600 fpm, according to Reference 54) it can be
seen tbat those particles which enter at the windows
may be expected to be deposited in the immediate vi-
cinity of the openings.

Thls conclusion vas verified b~y experiments performed
by the U. S. Naval Radiological Defensa Laboratory
using the natural fallout from the volcano, Mt. Irazu,
in Costa Rica. The particle sizes were in the smaller
size ranges, with nearly all of them having a diameter
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less than 150 microns. About one-third of the depos-
ited mss was in particle sizes less than 40 nicrons.
It would, therefore, have been expected that infiltra-
tion of particles should have been at a maximum. Ai-
was drawn in through an open window of an otherwise
sealed test house at a constant average face velocity
of 425 fps by meavs of an exhaust fan.

It was found thaE most of the fallout drawn in was
confined in an area of about 200 square feet with the
bulk of the material in the imediate vicinity of the
wivdow. The average density of the fallout over the
200 square feet was about 2% of the deposit in the
open. If the volcanic faltout had been radioactive
it was calculated that the exposure in the center of
the deposit in the house would have been about 1/250
of the exposure that would have existed in the open
(46).

These data have been applied in the analysis of the
possible effect of fallout ingress on the protection
fzctor afforded by large buildings. Calculations
were performed for two sizes of bu-ildings, 2000 sq.
ft. and 10,000 sq. ft., wiV2 and without interior
partitions, with vario-s sized window openings and
-' ith fallout ingress densities of 2%_ and 20% of out-
side level. Of the various variations studied it was
found in about three-quarters oi ths cases that the
protaction factor was reduced by le~s than 10%. This
is much less than the possible error involved in Zhe
calculation of the protection factor by the engineer-
ing nethod. However, in two cases the reduction ia
protection factor was found to be about 55%. This
occurren under the assumption o 20% fallout density
spread over the entire floc, of small buildings with-
out interior partitions. •n these same buildings,
assuming 2% fallouf ingress, the reduction in protec-
tion factor was only 10%.

The-se analyses indicate that the effect of fallout
ingress through open or broken windows is nct serious
particularly if shelter areas are located in the inner
parts of large buildings having interior partitions.
They also show that natural or imp-ovised ventilation
is unlikely to draw significant amounts of fallout
into shelters provided the shelter areas are not im-

I mediately adjacent to open windows. It is on this
basis that the development of packaged -ventilation
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kits for use in group shelters in the United States
doea not inciude a requirement for air filters.

The entrainment of partizulat- matter in th* air stream

of a powered v&ntilation systct has also been studied.
In 1957 the U. S. Nzval Civil Engineering Laboratory
(USNCEL) made tests on a conventional ventil-tion sys-
ten using an aeroso)l with particle sizes mainly smaller
than 10 microas. It was found that the system had
little or no effect on particles smaller than about 3
microns but larger particles were trapped or impacted
fairly effecti~ely by the system components such as
blowers or cool.ng coils. Essentially no particles
larger than about 7 microns passed through the system.
Commercial filters of the type normally used in ven-
tilatirg systems were effective in removing particles
larger than about 10 microas.

In 1964 experiments were performed by USNCEL in which
particulates in the size range appropriate to fallout
were dropped past an inlet fixture fitted with a nor-
mal type of conical cup. The volume of flow through
the fixture was 600 cfm with an inlet velocity of
about 200 fpm. It was found that no particles larger
than 60 microns were taken into the fixture. In the
size range of 30 to 60 microns about 40% of the par-
ticles were taken in and almost all of the particles
smaller than 30 microns were captured. The capture
area for this particular experiment was about 5 sq.
ft. surrounding the inlet fixture t48). Calculations
were also made of the radioactivity level which would
result from the captured particles if collected on a
filter or passed into the shelter. In all cases the
levels were much less than the amount reaching the
occupants through the walls of the shelter even as-
suming outside levels of 10,000 roentgens per hour.

These and other studies suggest that filtration for
fallout particles is generally unnecessary unless the
intake velocity is quite high and the intake is un-
protected by a hood. The intake should be protected
to prevent downward or sideward entry of the air. In
other words, the air should enter the intake in a ver-
tically upward direction.

For shelter areas in buildings with an existing ven-
tilation systet,, even with unprotected intakes, the
blowers, coils, and standard commercial filters will
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be adequate 4: e2i~m•.te all but 2b insignificaOt
portion of the !•]-out par cxcles.

These considerations have led to the statlement in
Office of Civil Tvsfense Tc-bnical Keora--dcn.
Tecbnical Requirements for Fallout 5belters; 'No f il-
ters are required on mechanical ventilation sys,'e-a
other than these necessary for the normal dail) us.
of the space."

The discussion above has been tonw-3enaed with the pos-
sibility of infiltrazion or eitr.-inent of fallout
parricles during the tire the radioactive particles
are actually falling. Once the falout has ended and
the particles !we been deposited on the ground and
other surfaces there is little likelihood that they
will be picked up by the ventilation. Particlee de-
posited on a windcw sill could be blcwn in through
the open window but this would be a very insignificant
anount ir most cases.

Protected ventilation intakes should be located with
at least 24 inches between the horizoatal surface
beneath thea and the bottom of the protective cap.
Under these conditions no particles ofi any significance
will be picked up.

Thus the period during which thcre would be any possible
hazard is only during the time the fallout is being
deposited, a -Atter of only a few hours in most cases.T .9

If necessary the windows could be closed (if they were
"not broken) or tbc :entilation rate reduced during
this comparatively br.4ef period in order to minimize
the hazard. The occupints could probably tolerate the
resulting increase in .ftective temperature for the
short time involved,
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CHAPTrUP IX

VAT.m M~ SuNlTAT.ION m~uIRDIS-1'T

;Fater essential to hrnmn life. It is an establish~ed
fact t .~t hu-nan beings can sarvive suc~h longer without
•!oo~d -1 ther hayg sufficient water thian Itbey can with-~
Out WW:ar. It is, therefore, necessary that some coz.-

bu given to water requirzaenes and sources
cA water for sur Iva shelters.

The avail~ability of water and recovery of water supply
systzauss is a waor co~ern i~z the civil defense struc-
tuare in~ the posi-attack period. Rawever, thiLs discufs-
sion is concerned only vita i.--shelter aspects of the
problem and does not attempt to cover the many important
iproblem which mst, be solved in the post-sbelter pericdo

In considerinmg water requirtieats, as well as other
criteria, ist is probable ti-- a distinction zbould be
made between shelters mae~ed rked and stcrz-ked
under the NTationjal Fallout- Shelter Survey and facili Eies
which have been designed to serve as shelters. in most
cases shelters identified in existing buildings by the
Shelter Survey were not intentionally designed into
the structure. They exý.st more or less by happenstance.
it is unreaso-nable, therefore, Ito expect" such facilities
to meet shelter criteria which were established long
after construction waa completed. However, as long as
a:sheler thefici ti t exits, such aciitie canre foqure
to sheler dheficiultioniats lesut facmiities care reoure
survivral, h rtrafrsc hlesae therefore,
teminimum hchi cons.istent wt uvvl

Over a period of time, the shelter development program
is expected to create more and better shelters to re-
pl-ace existing minimal facilities in the selster inven-
tory. The design objectives of such new shelter may be
considerably different from the bare survival criteria
applied to existing spaces. The new facilities should
be designed on the basis of the best and latest infor-
mation available. As research develops more reliable
information and better design techniques, the design
objectives for new facilities may change. This would
not necessarily result in a change in the minimum
criteria applied to existing shelter spaces although
it is possible that new information may reveal that
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th-ese ainirift' criteria are not cempatible with survival.
In this core consideration wonald ha-ve to be given to
changing the criteria.

Under Vie Mi'SS progmmu, shir~lers r~hlch meet Mke =uin-u
criteria are~ stocked with t-oe, Witer. sanitation kits,
radiological moi~ itz,r iristruments, masdical supplies,
and in some cases. ventilation kits. !a reference to
w-ater Supply, t2"e Fedleral Civil Defense Guidie states:

"'The requiremnat lor a supply of potable ua ;.P-
necessary for survival constritutes cune of the
fundanenial problens in achieving sha;Iter raabita-
bility. A sminimi of 31 gallons for eaei! sne,'t-ex
space stocked sbaild be aviailable. finis asoza
must be~ furnished either from zmt~ces available
to the shelter or from water sterage containers."

SourTces available toM the shelter might iioclude weells,
tanks., gravity-flew comunityr system.s entrapped 'mater
L.; buildfing systens, or a cmbination of these sources..
Water s~orag.a containers often would be fiernished as
part of the zý,'te stock but, of~ cowirse, other types
of sauitabls containers ;-ould be used.

Building systems wiich might contain e~ther potable or
nonpotable 1trapped .Tater could include:

Fire control t-anrks
Spriukler systies
Hot watEer beaters
Supply pipes
Holding or gra~vity tanks
Water closet flus3h tanks
Air con~ditioning or chillel water ss'a
Heating tanks and systems
Indoor sviusming pools
Hydraulic zlevztors usir wate

2, Reflector p:.ns wit'iin building

Before trapped water e qi be included in the shelter plan
certain §Xasic conditicas muit be met:

1. The potability of the water i- established
initially by a d~termination that the water
is part of the s~upply normally furnished ."rom
an approved source, or that tests have been
conducted to assure a safe level ol bacteria
and chemical content.
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2. A =atoff va lo Irstallea (it niA ts-ýady

irOceto &itic's uv t~t-ai es.~ac e in Wj.ý

3. 'rue water i.ý not cc-atan-rate4 c hesics*lsa
r.44ed fcr inbibitizr. carrostwr 4;r koiz.1n-
the freezing point.

4. Suitable devices and servifes fo7. dlispensiz;-
water vithI~n the shelter e --- Ž`able inclu-
ding a vai.... 4ýr faucet vzircb np : pened

al- lt'o of thE syste,4 to vezv-ii drai~nage-

be]Le-v.I5. Va Cer ise availubtle wi'thout -lependence uponn
ele-c #ric powered ps.unlesss energeucy pow.&r
is avail-able to drilve ssuch pumps.

6. Water is available throughout ttze year under
extreme weatber conditions, consideri.-- z!s;:-

tepossilb.ity of freezing ft? ter~ju
system fa ilure caused by power loss or other

pla some buildings the walter supply is from separate
u 'ii Ather than 1froa a municipal system. In this case

2 detwr-J-iatioz should be made that the requiie.,e quail-
ti-ty ::- rxi~rr will be available to the shelt~er under
candt-~ electric power failure and during all
seasons o-- 'v ear. it is assumed that, if this is
the nurmai ;Ru~pply, the. water is of potable quality.
If, however, puadlt epx.-s upon treatam-nt of the

vate~r, a determ...nation mist be Dade that the treatment
ixac-lities will remain ia operation.

Iiu communities wh4 h have a central distriburion system
of the gravity-flow type, this source of Va4tee may be
a'riilable for shelter use. A determination sboold be
wide that continued operation and protection against
btcteriological contamination is assured before inclu-
ding ui'ter from this source in the she~lter plan.
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Water -nr- -!-zrised for :-s? in falloa 1Z t~r
~ i'iit~at the'rir slte. F'illing iastructisn3

' V. z&tek~ AAd e rou a 1-: -p prved by State
a~z Iccal healthdert:b

"M. The greatest ar e e•ercised durta the
filling oeatloo to zasure san-ISary ios

3. Tbtv- £il!'in P4si be under the ca-re ofT a
State or local health departiw-a c iu ria;

4. As ai- added pr-caution, one to tavo tailesrpr-
fuls of housetoid liquid bleazab (actzc
ingredievt 5.2.4 srf hyý'chlorite- 94,751L
inert ingrediezts) shou•d be added to eac.

dri~a.

It is provided that the equivalent to the liquii bleach
in soid form may be used where aprrove%. 'y local
hea1•.t outhor.ities. Chlorine tablets are read~ly avail-
able and may h-- ,eeferable to the liqvid blmeh fue to
ease of handling at better consistency in measuring
the anount o.f disinfectant added. The number of
tablets to be used should, of course, be determined by
the health authorities.

The steel drums which have been used to •tocl- many

existing shelters hold 17J gallons of wat,ý. a.id vary
somewhat in size from a minimum of ,'!,' 4- D maxiwm
cf 16 1/8" inside diameter and a minimum of 21 5/8"
to a maximum of 23 3/8" inside height. They weigh
10 Ibs. empty and 156 lbs. when filled with 17l
ga]lons of water. The number of drums to be stocked
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for ster _torage is determiz4 -. ihe fol-owimx
formula:

x A B C
'17. 5

A ~of spaces Fý'c:Xed

Q•u• tity of potable ;tr estimated to be

p ,ailabie sr- ht uexitine ha&i zi, gaelons

wateL d2•m of drnot required fth as potable water

'The jaa:er drums causeý -; n- pr;rvisi.:Yling
.e.zir.They aez.-Age ati 3.8 cu. It- .r ant;

preide water fe. ufi.e persons. on.
per -- rsc;.z: considered ti~zi iterage space
is daer?.1ze on 'ac- basis oi l.ýD cu. Ift,. p-4-
space, it caD be s--en that about hal.f of the storage
spa-e i~taken up by t~e water drzms. ~In fartta lif the
water tirms are not requi-rei-, the storage spac~e is
deterniatr-i at 0. 6 cu. f A.. per person.

in addition to the space problem, the water drums can
create 4 prfh1.±n of floor loading. sach drum when
filled has "ý --ead -lead of• abcut 112 lb. per sq. 'Lt.

It is sometimes necessary to stack the drumbs two or
three tiers high in order to attain- maximum utilization
of storage areas. Thus, floor loa-ds, thus created,
could well exceed the maximum safe load for the structure.

In considering the design objectives for a new structure,
which will incorpor2te a falt].,ut shelter, or for a
facility specifically des 4 gned as a shelter, a different
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app•-cza:: to the problem of water require&~nts -.d supply
can be 'ietd. A logical starting point is tu c-n-
.ztder thie•t• evaporated from the body by PersV!i-`-

tic5- Tabi. 3-6 Zis,,r t-ie moisture evaporated by seden7.;..'v
zdultt for vaxj --. • -b-ulb teiaeratures. ThIs data is
i_-tracted from Table 3,,6 x::4- rpc-ated in. Table 9.1 with
tk,, figures <_-anveried t*o _Uui~g ge.• it/day. The co~tver-

sioi trrc poun4. to quarts i; b-seed nz:; i.b/ MI-l for

TABLE 9.1

MOISTURE EVAPORATED BY SY.'NTARY ALf-"1rT2

!Dry bsulb Iite pc~d-
! Temsp..-- --

OF lb/:r lb/day 4t;:j-y

so 00_2 1.4t2 0.71,4

6 ID I. 0.67 6o38 0.77t]76 "0.0-36 1 .-304 1.106

80 H0, 173 4,02 1.993
90 : 0.274 6.576 3.156

I°I 100 0.3P.4 9,216 4.424
110 j! 0.499 11.9716 -4

The uz-oii,;tre evape'ated by the body, aLd the requirement
for water intake to replace this loss seems to be more
a function of the dry bulb temperature than of the
effective temperature. The environmental criter.•. is
90% reliability of main';_'aing a 24-hour average of
;.°F e4fective temperaJre. From the standpoint of

minjiuL ciry ouiv Lz p.rature the best condition to reset
this criteria would be a 2,*':-,,Zur average c" 8°F_ -dry
bulb and 820F wet bulb (10V1. relative hhmidi~y). An.
other combination cf wet L'ulb and dry bulb teaperatures
to yield 820 FET would result in o dry bulb greater
than 820 F.

Using a 6traight Itne Interpolation of the data of Table
9.1 gives a moisture loss of 2.226 qt/day at 820F dry
bulb.

The data in Table 9.1 give the evaporative heat loss
only. This would incluae insensible perspiration and
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swreating-. Not included is moisture loss in 11he urine
and feces oa for any other reason. When these los;,es are
included the total *noistuire loss 3-. much g~rzter t.1-a
iii~ic~t~ed in the table. Reerence ZO gives a chart
borlag ft". ly water recJ--freuents to avoid dehydration
JA ;,Ln s~t rest. Th~is curve I&S redrawn in Figure 9.1
wVtib 0o~ -!!ate r 9.1 plotted as a dotted line
:rccaprso.,, AL -,.w bvlb the water requi-reMent

jg- iijdi4ca ted At about 3i 5iiecay

The avai'!ýbles dat.4 on water en ti dur2ing
occupancy te-sts appears te indicate tV_,t the actual'
water consumption will ten"I to follow 4"he zvaporative
beat loss curve. in these tests the eean re
allowed all the water they wanted but a cýrftain sza.v't
of control vas exercised by the manner in which water
was dispensed. In fac t., in. those tests where controls
were not used the water u~ige was significant16ly higher
and the amount of vaste water vas alomuch higher.
This would terAs to it-dicam; kiiat occupants will waste
water when n(, controls are exercised but will consume
,OrAmt the amount required to replace the eva.porative
h'T' loss when allowed all the water they want wnder
reascaable control. On this banis,, Figure 9.1 would
suggest that there night be some dehydration since the
water consumption is less than the total moisture loss.
A very limited amount of evidence from the occupancy
tests seems to confirm that this is the case. The evi-
dence is, however., far from conclusive. It is probible
that this dehydration weight loss would zot be great
enouigh to ba of serious physiological sign-ificance.

Dehydrationx of the body tissues can be a zerious problem
if it is prol'onged. The operational eifecti'venaes of the
body is impaired if the loss of body water exceeds 5
percent of body wi-taiid szurvival is unlikely iff 1-e
loss --,-ceeds 20 percent. of body weight. While it is
not unusual for an athletz to lose 10 pounds or more
due to sreatir~g during a game, th.-is loss does impair
his efficiancy and the water is, of course, replaced
very soon aiter the game f..s over.

Under shelter con~di~tions the dehydration would progress
from day to day if a setrious water deficit exists and
there would be no way of replacing this moisture in
the body. Under these conditions over a period of ten
doys to two weeks xi. is possible that the loss of body
fluids ce~ild prove fatal to some occup&Dts of the
shelter and ti1-!at most occupants would suffer impairmentU ot their physical efficiency.
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For thse reasous, it is imperative that shelter occu-
prtt. ho g're vrter t- drink whenever they ask for it,

r••rOj- •. Uae -rater supply available in the shelter.
It w-A. u r. ne:ssary, of course, to controe the dis-
;eD:ifnrg of wtter to prevent waste when supplies are

O. t•ih• control must not be extended to the
po•st k 1.1iting the zate" intake of the occupants.
ke; i f the rate of const-mvi:ion should indicate :hat
availtIe water 3upolies wopld be exhausted before the
eka of -he anticipated occupancy period, the water should
not Z-e ra'1Ane•A kelow that required to main~ain the
body mciure, content. It is quite possible that the
redunt-. ;,n radiation levels due to decay vould allow
rsý-zonp to t•av• •he shelter for short periods to obtain
more wter. It would even be permissible to drink water
-euich is e, ztRAinated with radioactive fallout since the
Izeror el same fallout would not necessarily be fatal.

• the basis of this discussion, it is suggested that
a dr-.rý objective would be to provide as much potable
wt'' as possible within the limits of available budget,I!pe and other design criteria.

The requirement for potable water other than for drinking
and food preparation cannot be determined with any preci-
sion since it will vary with the circumstan-es and the
type of shelter facility.

It would be highly desirable to have water available
foze washing hands after using the toilet facilities in
order to prevent the possible contamination of the
stored water supply. This need migb+ be met by use of
a waterless hand cleaner followed by immersion in n
disinfecting solution and thus eliminate the need for
water.

Some water of potable quality should be available for
medical purposes. Although medical care in the shelter
will normally be limited 43 first aid treatment, it is
still necessary to have water available for the first
aid attendant to wash his hands and to cleanse body
areas before treatment.

Shelter areas in hospitals or other facilities where
professional medical care would be available would have
a 7reater requirement for water. Office of Civil
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Defense Technical enoratndum 65-I, "Technical Mequire-
ments for Fallout Shelters in Hospitals," gives a minim3
of 5 g3lions of water for each patient =d one-half
gallon per person for patient care staff for daily too-
simption. This is intended to provide rater for all
purposes, including drinking, cooking and sanitzry pur-
poses.

The water requirement for =edie-l purposes and for per-
sonal hygiene may thr-s vary from one-half gallon per
person per day to as such as five gallons per person
per day depending on the facilities availabie in the
shelter. A suggested minimum criterion for potable
water might be one gallon per person per day for drink-
ing, Zood preparation, personal hygiene and medical
requirements. This would be iLncreased when an evaluation
of the shelter facilities indicates a need for a greater
supply of water.

NON-POTABLE WATER REQUIREMS
It is not possible to es.ablish criteria for a supply
of non-potable water since this would be ccmpletely
dependent on the facilities and equipment in the shel-
ter. In many NNFSS shelters there would be no require-
ment for non-potable water since there wmuld be no
special facilities included in the shelter. In some
specially designed shelters the requirements for non-
potable water could be very extensive.

Some of the needs for non-potable water --ight include
the following:

1. Water for bathing or showers. Very few fallout
shelters will provide bathing facilities but
some more sophisticated installations such
as emergency operating centers or military
shelters may include decontamination showers.

2. Cooling water for auxiliary power systems.
The amount of water required would be deter-
vined by the size and type of system installed
and the type of cooling system used on the
engin;.

3. Water for mechanical cooling systems. This
would include water for air conditioning con-
densers, cooling towers, evaporative cooling
systems, or well-water cooling systems. The
amount of water will depend on the type and
size of the installation.
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4. Water for fire fighting. In most cases it will
probably be impractical to depend on water
for fire fighting umless an almost unlimited
supply is available.

5. Water for waste disposgil. The amount required
will depend on the type of sanitation system
u -ed. If the municipal sever system is func-
tioning and flush toilets are used the water
requirement could be 25 gallons per person per
day or more. T'his would probably not be
feasible ,nless the municipal water system
sere functioning or the shelter facility in-
cluded a well.

With the large variation in possible requirenents for
non-potable water it is necessary to evaluate each shelter
facility on an individual basis to determine the mini-
wm supply which must be available. This would be
impractical for NM shelters because of the time and
expense involved. For structures where shelter is to
be included in the design tbis evaluation wond be a
part of the design procedure for the mechanical systems.

Water which is polluted or contaninated can be used
for many of these applications, as long as the pollution
is not such as to clog piping, valves or other parts of
the sys t em. Even in this case the pollutants can often
be removed by filtration. Water which is contaminated
by radioactive fallout can also be used if precautions
are taken to shield the equipment from the occupants of
the shelter and the equipment operators. Radioactive
contaminated water should not, however, be used in san-
itation systems since it would be inside the shelter in
close proximity to tne occupants.

SOURCES OF WATER
In NFSS shelters it is necessary to provide for the
water requirements from sources which already exist or
by storage in containers in the shelter. For facilities
where shelter is incorporated in the design it 4-s some-
timeL possible to make provision for a water supply as
part of the design.

The most desirable source would be the normal water
supply system since this would provide an almost un-
limited supply of potable water. If the normal supply
is a municipal system it is necessary to make some
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evaluation of the probability of the system rezining
in operation under fallout conditions. If it is assumed
that there is no damage from blast or fire the system
should be operable. Whether or not it can remain in
operaLion will depend on whether there is shelter for
the operators and whether the plant can be operated from
the shelter area. Power will be necessary to operate
the pumps. chlorinator aDd controls so that emergency
power equipment would be necessary to assure contiaued
operation.

Many water supply systems already have emergoncy power
installations to keep the system Ln operation in case
of power failure. Some have provided fallout protection
for the operating personnel. Shelters served by such
systems quite possibly would have water available under
fallout conditions. In some localities the vater supply
system is gravity operated and might well remain in
operation even without power to operate the pumps.

In some buildings the normal water supply is from their
own wells. In this case, the only requirements to
maintain water supply is to have power to operate the
pumps and to keep any treatment system in operation.
Even if the water is not of potable quality and the
treatment system Jks not operating, it could be possible
to purify the water by filtering and boiling or by the
use of chemical disinfectants.

Boiling water to purify it would probably not be
suitable for use in a shelter because of the large
amount of sensible and latent heat wbich would be re-
leased to the shelter atmosphere. It would also
require a large supply of fuel.

Chemical disinfectants which could be used would be
liquid chlorine laundry bleach, chlorine tablets,
tincture of iodine or iodine tablets. Most household
laundry bleaches have instructior.s on the label for the
amount to use for water purification. Chlorine or
iodine tablets may be purchased at most drug or sporting
goods stores with •nstructions for use. Two percent
tincture of iodine is added at the rate of 5 drops per
quart of clear wazer or 10 drops per quart of cloudy
water, followed by a 30 minute settling period before
the water is safe to drink.

Neither boiling nor chemical disinfectants will remove
radioactive contaminants from water. Filtering the

9-12



water through a bed of sand or earth will renove most
- - of the suspended pafticles but will not remove the

dissolved radioactive materials. It may be, however,
that the dissolved radioactivity would be low enoug~a
to permit drinking the witer. Removal of any large
portion of the dissolved radioactivity would require
rather sophisticated ion exchange treatment.

The advantages of having well water available to a

she'.cer have been discussed in previous chapters and
need not be repeated here. If the cost of the well
and pump installation can be justified it should
certainly be included in the shelter design.

If neither the normal water supply or a well can be
relied upon to provide the required water for a shelter
it will probably be necessary to provide for storage
of water in the structure. In the case of a building
being slanted to include shelter this might be done by
incorporating a storage tank in the water system or
deliberately increasing the amount of trapped water in
the building.

A water storage tank in the system sbould be located at
the roof level or high point of the system. The main
supply would feed into this tank with a check valve in
the line to prevent draining the tank in case of loss
of pressure in the main. Water would be distributed
from the tank to the building by normal piping. In
this manner there would be a full tank of fresh water
available at all times. The only additional require-
ments would be appropriate outlets in the shelter area
and a valve or vent at the top of the system whic4 could
be openea to permit gravity flow from the tank to the
shelter areas.

It should not be overlooked that in many ouildings there
would be a silnificant amount of liquids stored in the
building. This would be in the form of canned or bottled
carbonated beverages, fruit juices or other beverages.
Canned fruits and vegetables also contain large amounts
of liquids a; do some other canned foods such as stews.
Such foods and beverages might be available in dispensing
machines, food service facilities in commercial buildings
or in the kitchens in apartment buildings. In addition
to supplying vital liquids these would supplement the
survival ratl;ons in the shelter stocks and provide some
variety in the diet. Since it is not possible to pre-
dict how much of these foods and beverages might be
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avail~ble 9t any given tize, they sho~t1d pro-bably not
be depended upon as a priwx-scut zf wpl.;

An indoor swii-t~atg pool wc~ld pavaide thous#ýzds of
gallons of usable w-eter for a s~eter vtbwt PLed ior
any special piping or other eqaip~eo. "Mae water coi~ld
be merely dipped out as needvd- irv if the pool
had a very lo-ir p-otectli,4n fact~or, the exosure ti=ý
required to obtain water oould probably be short and
the increased radiatior, dose could -he -toleraged. Ar-
outdoor pool would not offer t~rie saume avatagits; but

the water mighi be used If it cw~ld be dr~ained :;,to the
shelter area as needed. This would require special
piping and valvios which %ould be p~ssible ii included
in the design of t-he pooel.

Other sources which might be coneldered as posSiblalities
for a supply of water would im trapped rain vater,
covered or open reservoiraf or natural viater sacc. as
l1akes or rivers. There are problems associated with
utilization of these sources, which vould prxobbably
eliminate them from consideration in most cases. The
principal problein would be getting the water to the
shelter. There is al!so the question of possibie pollution
or radioactive contamination. However, under some
circumstances. one of these sources might be made
available to a shelter.

Another possiblity which might be considered is water
from fire mains and hydrants. Of course, sprinkler
systems or fire control tanks are an excellent source
of trapped water in a building and should be considered
in determining the water resources available. In some
localities, however, the fire mains are a separate
system from. the water distributrion mains and tChe possi.-
bility exists that water. might be available from a fire
hydrant, or fire hose in a building, even when the
water distributing system is not operating.
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'C b~MIALtTIQI REQUIRENOW7S M~ SYSTEMfo• • In-a'shelter it W111' Be )3ecessary to have a Aethod for

-! - disposing of garbage, trzsh and h wuan vste. Under• ~fallout conditions there vrill be no collection of

* garbage and trash by municipal services. Sever systems
depand on water ca~rriage of waste and power to operateIpumps and treatment plant and, therefore, nay not be

operating.

In WYSS shelters it will be necessary to provide for
waste disposal with the facilities which are inc-luded
in the building or which can be added within the limi-
tations of cost and available space. For facilities
where shelter is incorporated in the design it may be
possible to make provision for waste disposal under
emergency conditions beyond what could be added to an
NFSS shelter.

The supplies and equipment furnished in the stocking
program for public fallout shelters includes sanita-
tion kits. Two types of kits are furnished: Kit III
with supplies for 25 spaces and Kit IV for 50 spaces.
The kits are supplied in fiber drums approximately the
same size as the steel water drums, one kit of either
type per drum. The contents of these kits are shown
in Table 9.2.

TABLE 9.2

CONTENTS OF OCD SANITATION KITS

Description Unit QuaKi
__Kit it IV

Paper, toilet tissue Rolls 5 10

Seat, commode, plastic Each 1 1I

* Opener, can, hand-operated Each 1 1.

Pads, sanitary, heavy Dozen 1 2

Pads, sanitary, regular Dozen 2 3

Hand cleaner 1 , waterless,
pint Can 1 1

Gloves. Polyethylene IPair . 1
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TABLE 9.2 (Continued)

COhNTKTS OF OCD SANITATION KITS
I T Quantity

Description Unit Kit III Kit IV

Spout, dispensing, water Each 1 1

Tie wires, bag closures Each 1 1

Cups and lids2  Each 35 70
4;ommode chemical 3 ,

liquid, bottle Each I pint I quart

Commode chemical 3 ,
granular, packet Each 6 12

Bag liners, polyethylene,
commode Each 1 1

Instruction sheet Each 1 1

Fiberboard boxes Each 2 2

Fiber drum Each 1 1

1. Thib item not included in later procurement

2. Plastic cups in quantities of 40 and 80 were de-
livered under initial procurement. More durable plastic
coated cups were specified later.

3. Only one of these items furnished per kit. Initial
procurement provided a liquid commode chemical with
iodine base. Later procurement provided a granular
quaternary compound in packets of 10 grams each.

The liber drum in which the sanitation kit is packed
is the receptacle for the initial chemical toilet
provided in the shelter. The metal water drums are
intended for this use after the water is consumed.
The number of steel water drums to be requisitioned
for sanitary purposes is determined by the following
formula:
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(2. 1 xA)-D-

Where: A - Number -ra "t- stocked

D - Quantity of sewage estimated to be removable
by means other than drums, gallons

E = Number of steel drums reqaired for sanitary
purposes

F - Number of -5iber drums furnished (one for
each sant,,,tion kit)

2.1 = Minimum number of gallons of capacity
required for human waste disposal per
shelter space stocked

15 = Number of gallons capacity per drum to
sanitary fill line

The number of steel drums to be requisitioned would be
the number required for water supply or the number
required for sanitary purposes, whichever is greater.

Note that the drums are intended for disposal of human
waste only and that they hold 15 gallons as sanitary
containers rather than 17½ gallons. When used for
sanitary purposes the polyethylene liner is to be
closed with plastic wire ties when full. The drum
cover is replaced and the drum is stored for disposal
•fter the shelter occupancy period is ended. Food
scraps, empty cans, waste paper and other trashL are
placed i;., Llastic bags, closed with wire ties and
stored 'or later disposal.

Conditions which may permit the removal of waste by
means other than the use of drums might include:

I. A sewage system of the gravity type which
is likely to remain operative even under
conditions of greatly reduced flushing
water.

2. Manholes may be available in a protected
location in or near the shelter for direct
deposit of human waste, either packaged or
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from an improvised commode. Both sa,12ry
and storm sewers may be considered under emer-
gency conditions.

3. Existing toilets may be used to dispose of
semi-liquid waste. This may be done by forcing

the waste with a small amount of flushing
water through the traps, using a plunger or
other device, or by using non-potable water
diverted from other building systems or poured
from a container for flushing purposes. Re-

a moval of fixtures for deposit of the waste
into the sewer pipe may also be considered as
an emergency measure.

Tne 2.1 gallons per person of human waste used to
determine the required number of steel drums does not
refer to any specified length of shelter occupancy.
This is also true for the 3J gallons per person of
potable water used for NFSS shelter stocking criteria.
If both are related to the same period of time, a ratio
of 0.6 gallons of waste per gallon of water intake is
obtained. This conforms very closely to the accepted
average values for a water balance of the average man.
These values anticipate a normal diet whereas under
shelter codAiltions there will probably be a lower than
normal intake ý7 food and water as well as a lower
metabolic rate.

The literature reveals rather considerable variation
in the data on waste production in a shelter ranging
from 0.12 gallons per person per day to as high as
0.45 gallons per person per day. These variations are
probably due to different methods of measuring the
amount of waste, whether or not the waste includes
garbage and/or trash as well as human waste, whether
wasted water is included, variations in diet and water
intake and different levels of effective temperature.
As a consequence it is difficult to determine a reason-
able basis for planning the required capacity of a
sanitation system for shelter use.

One fact is apparent from these studies. That is that
the ratio of waste production to water intake is
greater under winter condiitions of low effective temp-
erature than it is at high effective temperature.
Under conditions of high effective temperature, a
greater portion of the water intake is rejected as
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perspiration. At low effective temperatures, thermal
balance of the body is achieved without activgting the
sweating mechanism and water balance is maintained by
rejecting the water as urine. Ths the winter waste
production/water intake ratio may "-e in the range of
0.7-0.75 rather than 0.6. It would- therefore, be
reusonable to assume that winter wate production ratio,
say 0.7, combined with a summer liquid consumption rate
would give a reasonable basis for design.

If a summer water intake of two quarts ir person per
oay is assumed, the liquid waste production would be
1.4 quarts or 0.35 gallons per person per day. To
this should be added some allowance for solid matter
in the waste. A suggested criterion would be a total
of 0.5 gallon per person per day for human waste.

If the 0.5 gallon per person per day criterion is used
to determire the number of steel drums required, the
basis for requisitioning would have to be re-evaluated.
If the shelter stay time is assumed to be 14 days,
for design purposes, the required capacity is 7.0
gallons per person. This is just about one drum for
every two shelter spaces since 14 gallons is a reason-
able capacity of the drums for sanitation purposes.
Due to the greater capacity of the drums as water con-
tainers it would require one drum per 21 spaces if 0.5
gallon per person per day is assumed. Thus more drums
would be required for sanitation purposes than for
water storage.

If extra drums are required for sanitation purposes it
may seem logical to fill them with water so that extra
water would be available. Although this would be de-
sirable, it may not be possible or practical. The
extra drums could create a problem of storage space and
necessitate stacking them several tiers high to take
advantage of what space is available. If they are full
of water the allowable dead load on the floor could be
exceeded. In addition, it might be very difficult to
remove the drums from the top Liers for use. Thus it
may be necessary to store the drums empty. They could,
however, be filled at the time the shelter has to be
occupied if time and water availability permit.

Even though there are problems associated with the use
of empty water storage containers for sanitation pur-
poses it may well be that minimum requirements for
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waste disposal can be met in no other feasible manner.
It would, however, be desirable to make some other
provision to replace or supplement this method if
conditions perzit or if it can be incorporated in the
design.

The usual methods used for sewage treatment would 6ot
be feasi'-: for sheltex use because of their cost,
complexity, and requirement for large anounts of water.
Some of then also require large sreas of land for
settling basins and aeration. Septic tanks or cess-
pools offer some possibilities but both require a water
supply to carry the sewage and a drainfie14 or other
method of disposing of the effluent In the ease of a
basement shelter, pumping of the sewage would be
necessary.

0f the various sanitation systems in normal use, the
prin.-pIle of the pit privy seems most adaptable for
use undae emergency conditions. There is no need for
water or power for operation, there is no complicated
mechanism which wo::Id require trained operators and it
could accept all types of garbage as well an human
waste. The only requirements are for effective disin-
fection and for "enting to the outside to remove
noxious odirs and possibly dangerous gases which would
be generated.

Even though the basic principle is adaptable for shelter
use, there are not units or systems which have been
designed for shelter use. There are portable units
which are used on construction sites but these would
occupy too much space to be stored in or near a shelter.
It might be possible to design simple components which
could be stored disassembled and bolted together when
needed, but this would have to be done as an individual
design since no such units are currently available.

In any shelter where it is necessary to use drums for
water storage the most feasible emergency sanitation
system seems to be the dual use of the drums as con-
templated under the NFSS shelter stocking program. In
shelter facilities where water will be available with-
out use of the drums, it will probably be necessary to
arrange for emergency use of existing toilet facilities
or store extra drums for sanitation purposes.

Under shelter conditions the possible contamination of
the shelter water supply and spread of infectious
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disease makes strict sanitary practices mandatory.
. - Even with chemical treatment of tký% waste to retard

bacteria growth it should be required that hands be
washed after using the sanitary facilities. This
would bee especially important for those handling food
or water in the shelter. "his requirement for 'and
washing could increase the requirement for potable
water as previously mentioned.

All water containers in the shelter should be kept
tightly closed except when water is being dispensed
from then and disiifection of opened water containers
iýL7,nld be routine.

The decompositicn of waste in a closed drum could cause
a pressure build-up sufficient to rupture the polyethy-
lene liner. Such an accident could contaminate food and
water supplies as well as expose the occupants to disease
bearing organisms. Immersion of the waste in liquid
would tend to reduce the generation of gas and control
odor production but this would require additional avail-
able water in the shelter as well as decrease the waste
capacity of the containers. Filled containers should be
stored outside the shelter if possible so that contamina-
A tion from a possible accident could be minimized. Thiswould also conserve space in the shelter.

Mixing food scraps with human waste would tend to in-

crease the production of gases and odors. Therefore,
food scraps should be stored in plastic bags and stored
for later disposal, Each day's scraps should be placed
in a separate container to avoid in'ioculating the new
scraps with bacteria from the older, decomposed scraps.
Highly absorbent waste such as diapers and sanitary
napkins should be stored sepzrately since they would
thus reduce the effectiveness of chemical bacteria and
odor control.

Under shelter conditions it would be very difficult to
eliminate completely the generation of odors from the
sanitary facilities. In order to reduce the possibility
of spreading these odors throughout the shelter the
sanitary facilities should be located close to the v'en-
tilation discharge. In this manner, the odors would be
carried out of the shelter by the ventilation air. Air
from the waste disposal area should not be recirculated
to the shelter ualess it has been passed through cctiva-
ted charcoal filters to remove the odors. It would also
be desirable to pass it through high efficiency particulate
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filters to resove biological organism. S4 filtra-
tion systems of this d6viree cf sepisticatiom ou•ld
seldom. be provided in a fa!lout shelter the best pra-tice
would be not to recirculate thuIs air.
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CHAPFER X

LIFE SUPPORT SYSTEMS

In Chapter V .m method was presented for the solution
of the heat transfer from an underground shelter with
no ventilation heat loss. This assumed "buttoned-up"
operation of the shelter with the ventilation intake
and discharge sealed. One possibility which might
require operation without ventilation would be the
case of an underground shelter with a mass fire at the
surface.

For most Jallout shelters, especially NFSS shelters.
the possibility of cerating without ventilation will
not occur since it would not be possible to seal the
shelter against air exchange with the surroundings.
Also they would not be provided with the necessary
equipment to permit operation for more than an hour or
two without ventilation. Such shelters would probably
have to be abandoned if circumstances were such that
ambient air could vot be used for ventilation, For
single purpose, blast-designed shelters or emergency
"operations facilities, proper selection of the site
can virtually eliminate a requirement for buttoned up
operations. Even for dual purpose blast shelters, the
site location can reduce to a very low level the proba-
bility of extended button up time. Thus life support
requirements should seldom impose any special condi-
tions on shelter design. If a shelter should be de-
signed for a location where -there is a low probability
of using ambient air for ventilation the requirements
presented in this chapter must be considered.

When complete closure of the ventilation intake is
required, the exhaust vent must also be sealed since
outside air could enter through it. This would also
apply to other openings such as sanitation vents or
air intake and exbaust for power systems. Under these
conditions several enviroDmental hazards must be elim-
inated if the occupants are to survive,

1. Oxygen must be supplied to the air to replace
that which is used.

2. Carbon dioxide must be removed to prevent con-
centrations from becoming too high to sustain
life.

3. Odorous and toxic substances must be removed
from the air.
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4. The thermal environment must be controlled
to prevent excessive rise in effective tem-
perature.

The limit criteria for concentrations of carbon dioxide
and oxygen were discussed in Chapter III, where it was
stated that a 'fe support system for one day of closed
shelter operation should maintain volumetric concentra-
tions of 1 percent or less for carbon dioxide and 17 to
21 percent for oxygen. The limiting concentration of
carbon dioxide will develop before the oxygen is deplet-
ed to a corresponding level. The suggested concentra-
tions allow some margin of safety since oxygen concen-
trations as low as 12 percent and carbon dioxide con-
centrations of 4 percent can be tolerated, although with
,.onsiderable discomfort.

The stay time for various concentrations of carbon
dioxide and oxygen and the net volume of space per per-
son can be determined from Figure 4.1. Although the
length of time during which closure will be required is
impossible to .)redict, a closure time of 24 hours is
recommended for design purposes.

Using a CO2 concentration of 2 percent and referring to
Figure 4.1, it is found that the maximum stay time is
about 12 hours, even for a unit volume of 500 cubic
feet per person. This unit volume is much higher than
that allowed in most shelter designs. If a more real-
istic volume of 75 cubic feet per person is taken, the
stay time for a CO2 concentration of 2 percent is found
to be about 2 hours. Increasing the allowable CO2 to 4
percent would increase this to only four hours.

Under both conditions the oxygen concentrations would
be within tolerable limits (about 18 percent and 15.5
percent respectively). If, however, the C02 were con-
trolled at the desirable level, the oxygen concentra-
tion would determine the stay time. Using 17 percent
oxygen and 75 cubic feet per person would give a stay
time of somewhat less than 3 hours. If the oxygen is
allowed to decrease to 15 percent, the stay time can
be increased to about 4.5 hours. It is obvious that,
if 24 hour closure capability is to be provided, some
means must be available to supply oxygen and to remove
carbon dioxide.
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METhJDS FOR SUPPLYING OXYGEN*

Methods which can be used to supply oxygen include:

1. High pressure cylinders
2. Liquid storage
3. Chlorate candles
4. Potassium superoxide
5. Sodium superoxide
6. Hydrogen peroxide
7. Electrolytic methods
8. Photosynthesis

Of these, the most practical methods for supplying
orygen for a shelter are the use of high pressura
cylinders or chlorate candles. The superoxides offer
the attractive possibility of absorbing carbon dioxide
as well as producing oxygen but they are strong oxidi-
zing agents which react explosively with combustible
materials. They also can cause severe burns on contact
with the skin, the dust is irritating to the eyes and
they are highly toxic if taken internally. Hydrogen
peroxide, in the concentrations which would be necessary
to produce appreciable amounts 9f oxygen, is also highly
dangerous to handle being subject to spontaneous com-
bustion when in contact with combustible materials.
It can be detonated by a slight shock or increase in
temperature. The electrolytic methods require compli-
cated equipment and large amounts of power.

Cylinders of oxygen are readily available from indus-
trial supply companies. They are available in various
sizes but the most common size holds about 220 cu ft
at standard pressure and temperature at a cylinder
pressure of about 2000 psi. Table 3.1 indicates an
oxygen consumption rate of 0.8 cu ft/hr for a sedentary
person and a rate of 1.20 cu ft/hr for persons standing
or strolling. Since there would be some activity in
the shelter a consumption rate of 1.0 cu ft/hr per
person might be used as an average value. On this
basis, a standard oxygen cylinder would provide about
220 man-hours of oxygen or enough for about nine per-
sons for 24 hours.

*The discussion on Life Support Systems in this chapter
has been taken froia Reference 64, which was, in turn,
based on Reference 66.
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The cost of the oxygen in the cylinder is quite low,
running about three cents per cubic foot. In commer-
cial use a deposit on the cylinder is charged, which
is refunded if the cylinder is returnee within a
specified time, usually 30 days. After this time a
demurrage charge is made. For shelter use the cylin-
ders would have to be stored for long periods of time
and demurrage charges would become prohibitive.
Consequently, the cylinders would have to be purchased.
The cost will vary depending on the number purchased.
If purchased in large quantities the cost might be
about $50 for the cylinder and gas. The cost per man-
hour would therefore be about 23 cents.

Oxygen f%,om cylinders should be fed through a standard
welding type pressure regulator and a small gas flow
meter, probably of the rotometer type. If more than
one cylinder is required, they can be manifolded and
one pressure regulator and flow meter used. Alternately
the regulator and flow meter could be moved from one
cylinder to another as needed. The cost for the meter-
ing equipment and manifold should be included when
determining the cost for the system.

The principal hazard in the use of high pressure cylin-
ders is that the valve could be broken if the cylinder
is dropped or knocked over. If this should happen,
the cylinder could become a self-propelled projectile
which could cause extensive damage and injury in a
crowded sheltor. It is necessary, therefore, that
appropriate racks or other supporting devices be pro-
vided to prevent damage to the cylinders.

Chlorate candles have been of interest to the U. S.
Navy for many years as a means of supplying oxygen in
submarines. They consist of a mixture of sodium chlor-
ate (Na C1O3 ) with about 10 percent powdered iron,
plus smaller amount of barium peroxide (Ba 0 ) and
powdered fiberglass. The mixture is cast or golded
into the shape of cylinders of various sizes. When
the upper end of the cylinder is ignited some of the
chlorate decomposes and releases free oxygen. Some
of the oxygen combines with the iron, producing heat
to sustain the reaction. A small amounz of chlorine
is also produced, This combines with the barium per-
oxide to produce barium chloride and free oxygen.
Also produced is iron oxide and sodium chloride. The
latter vaporizes at the heat of reaction and produces
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a smoke which, while non-toxic, would be a nuisance
¶i in a closed space. The gases should, therefore, be

passed through a filter to remove the smoke.

The amount of oxygen produced depends on the size of
the candle and is also a function of the diameter.
The greater the diameter, the greater the oxygen
production per pound of candle. For the smaller dia-
meters more iron must be oxidized to maintain the
required temperature and consequently less free oxygen
is produced. Once the candle has been ignited the
rate of oxygen productioiL cannot be controlled but it
can readily be extinguished.

The candles are not susceptible to spontaneous com-
bustion and cannot be ignited by impact. They must,
however, be kept scrupulously clean since impurities
could produce toxic gases when ignited. They are
stored in individual sealed cans until used and, if
kept clean and dry, can be stored indefinitely.

They are available as self-contained units which in-
clude the ignition system and filters or as a separate
candle to be burned in a special furnace. This furnace
has provision for filtering the sodium chloride smoke
and is recommended for use In a shelter even though it
should be maintained by an experienced person.

The typical submarine candle is 6" in diameter, 12"
high, weighs about 28 lb and produces about 100 cu ft
of oxygen. Two of these are usually used at one time
in the furnace and burn for 1½ hours. They would
supply oxygen for 100 men for two hours, leaving ½
hour for the furnace to cool down and be readied for
a new charge.

A smaller candle which supplies oxygen for about 48
man-hours, is available from Maywood Chemical Works.
It is estimated that it would cost about $0.50 per
man-hour for the candle and the burner. A larger,
self-contained unit, available from MSA Research Corp.,
will liberate about 90 cu ft of oxygen in 50 minutes.
The cost is estimated at between $0.65 and $0.70 per
man-hour (66).

The temperature of reaction for the chlorate candles
will vary from 1300OF to 15000 F. The heat liberated
has been repotted as between 40 and 100 Btu per cu ft
of oxygen proluced. The temperature of reaction and
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heat liberated depend on the percentages of iron and
barium peroxide used. The heat corresponds to an
increase in the metabolic rate and must be considered
in controlling the thermal environment in the shelter.

When the cost of metering devices is added to the cost
of oxygen cylinders and the gas there is very little
difference in the cost of oxygen supplied from cylin-
ders or from self-contained chlorate candles. The
two methods are also about equal on the basis of relia-
bility and safety. On the basis of heat liberated,
the cylinders have a decided advantage since they add
no heat to the shelter environment. On the other hand,
the candles would require much less storage space.

METHODS FOR REMOVING CARBON DIOXIDE

It has been pointed out that a limiting concentration
of carbon dioxide will develop before the oxygen is
critinally depleted. A concentration of 1 percent or
less f-r carbon dioxide ha:3 been recommended as a
criterion for survival shelters. Table 3.1 gives a
representative value for the respiratory quotient (RQ)
as 0.83 cubic feet of CO2 produced per cubic foot of
oxygen consumed. If a criterion of one cubic foot of
oxygen per person per hour is used, the corresponding
requirement for carbon dioxide removal is 0.83 cubic
feet per person per hour. Since the RQ varies for
different people, the ratio may not be exactly 0.83.

There are a number of methods by which carbon dioxide
may be removed from the air. These include:

A. Chemical absorption in a solid
1. Superoxides
2. Lithium hydroxide
3. Baralyme
4. Soda-lime
5. Silver oxide

B. Liquid Absorbents
1. Alkali hydroxide solutions
2. Alkali carbonates
3. Ethanolamines
4. Electrolytic sulphate process
5. Absorption with water

C. Adsorption
1. Molecular sieves
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2. Silica gel
3. Activated alumina
4. Activated carbon

D. Diffusion through a membrane

E. Freeze-out technique

The liquid hydroxide and carbonate solutions have sote
very desirable properties but the liquid requires much
more storage space than the dry chemicals. The ethan-
olamines and electrolytic process require expensive
and complicated equipment. It is estimated that it
would require about 50 gallons per man-hcur to absorb
CO2 with water.

The molecular sieves are too expensive for shelter use.
Silica gel, activated alumina and activated carbon
adsorb CO2 in the same manner as molecular sieves but
have much less capacity. Even though they are not as
expensive, greater quantities would be required.

Diffusion through a membrane would require surface
areas which would be completely impossible in a shelter,
and freeze-out techniques require temperatures in the
range of -200OF whica, of course, could not be attained
in a shelter.

Of the solid absorbents, the superoxides have already
been discussed as sources of oxygen and rejected as
being too dangerous to handle. Silver oxide is prohi-
bitively expensive since it costs about $1.00 per ounce.
This leaves soda-lime, baralyme and lithium hydroxide
as possible C02 absorbents for shelter use.

Soda-lime 'calcium hydroxide) has been used for many
years to a')sorb carbon dioxide. It is used in hospi-
tals for rabreathing apparatus. It used to have a
tendency to cake and impede the flow of gas through it
but newer mixtures include small amounts of sodium
hydroxide and potassium hydroxide plus moisture which
have helped to alleviate this problem.

The calcium hydroxide reacts with carbon dioxide to
form calcium carbonate and water, releasing about 1055
Btu per pound of COj absorbed. Since 0.83 cu ft is
equal to about 0.1 0o of C02, this is about 106 Btu
per man-hour.
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Soda-lime may be spread out in a passive bed to absorb
CO from the air passing over it. In an emergency
this could be merely a sheet or blanket with the soda-
lime spread out on it, but it would be preferable to
have trays to hold it prepared ahead of time. A can-
ister of soda-lime with a blower to pass air through
it would be the best method of using it. in this
basis, it would require about 3 lb of soda-lime for
each pound of CO2 absorbed or about 8 lb of soda-lime
per man day. The cost would be about $0.10 per man-
hour plus the cost of the blower.

The dust of soda-lime is irritating to the eyes and
mucous membranes and is somewhat difficult to control.
Consequently, a filter to control the dust should be
added to the canister-blower system and the use of
passive beds should be avoided if possible.

Soda-lime will lose its capacity to absorb CO 2 if
exposed to a moist atmosphere and nmust, therefore, be
stored in a tightly closed container. Trays of soda-
lime which might be prepared ahead of the time of use
would also have to be tightly sealed.

Baralyme is also calcium hydroxide with about 20 per-
cent barium hydroxide added plus trace amounts of dye
and wetting agents. The wetting agents are added to
reduce the tendency to dust and the dye indicates
when the absorbing capacity is depleted by changing
color.

The Baralyine can be used in a passive bed system.
Although the dust is irritating, the wetting agents
tend to control dusting. However a canister and
blower would be preferred. When used in a canister-
blower system, it would require about 10.5 lb of
Baralyme per man-day. The cost would be about $0.16
per man-hour for the material, plus the cost of the
blower. Heat generation would be about the same as
for soda-lime.

Anhydrous lithium hydroxide reacts with carbon dioxide
to form lithium carbonate and water. It has sufficient
affinity for carbon dioxide so that it can be spread
out on a sheet or blanket to absorb the CO2 . However
the dust is very irritating, especially to the eyes
and this method is recommended only as an emergency
measure.
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When used in a canister-blower system one pound of
S' lithium hydroxide will absorb 0.92 lb of CO 2 . The

"j cost is between $4.00 and $5.00 per pound, or from
$0.45 to $0.55 per man-hour, plus the cost of equip-
ment. The heat released is about 131.0 Btu per pound
of CO2 absorbed, or about 131 Btu per man-hour.

Any of the three solid absorbents, soda-lime, Baralyme,
and lithium hydroxide, would be effective in controlling
carbon dioxide in the shelter. Soda-lime would be the
least expensive to use and lithium hydroxide the most
expensive. Lithium hydroxide also generates more heat
than the other two, All three are caustic and the dust
is irritating. Baralyme may be somewhat easier to
handle because of the reduced tendency to dust but all
three should be used in a canister with blower rather
than being spread out in passive beds. Table 10.1,
taken from Reference 20, gives typical data for carbon
dioxide absorbent canisters.

TABLE 10.1

TYPICAL WORKING DESIGNS OF CARBON DIOXIDE
ABSORBENT CANISTERS

Estimated
Persons Canister Absorbent Gas Pressure

Sheltered Dia. ILength Weight Vel. Drop, In.
In. In. Lb Fps Water

10 13 17 75 0.25 0.4
100* 23 27 392 0.4 '.1

*Two units; specifications are for each unit.

CONTROL OF ODORS AND CONTAMINANTS

During periods when the shelter ventilation system 4s
operating, the ventilation rates necessary to control
the thermal environment will probably be sufficient to
remove odors and contaminants to a satisfactory degree.
The exception to this is during the winter weather
when venitlation rates may have to be reduced to prevent
the effective temperature from becoming too low. How-
ever, during "button-up" periods there is no air intake
or exhaust, and other means must be found to control
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noxious and possible toxic substances in the air.
This could also be true during winter low ventilation
periods.

Odors are produced by the human body from perspiration,
urine, feces, and flatus. Other odors come from food
preparation, decay of garbage, smoking, aud from the
toilet facilities. Contaminants can come from fuels,
lubricants, refrigerants, chemical processes for air
revitalization and other sources. Ammonia is produced
from urine, sewage gas may contain large amounts of
methane, hydrogen is produced from battery chargerE
(or from electrolysis of water) and smoking produces
carbon monoxide.

In a crowded, unventilated shelter, body odors could
be very unpleasant. However, the olfactory organs
quickly become dulled and the odors are not noticed,
except by persons who might enter from the fresh air,
in which case the odors are almost nauseating. This
has been reported by several investigators who have
conducted human occupancy tests. There are, however,
some exceptions to this, one of which is cigarette
smoke. Although the odor of fresh cigarette smoke is
not necessarily unpleasant even to non-smokers, stale
smoke is unpleasant even to smokers. Cigarette smoke
is also irritating to the eyes, and may contain carbon
monoxide. Another exception is vomit, the odor of
which has a strong psychological effect on many people.

Most of these odors can be masked by use of so-called
air fresheners. Some of these merely "cover up" the
odor with a stronger but more pleasant one. Others
act on the olfactory organs to dull them. In general,
masking of odors is not recommended for shelter use,
since the odors are not removed from the air and the
contaminants which often accompany them are also not
removed. In addition, the odor of a dangerous substance
such as ammonia or hydrogen sulfide might also be
masked, thus eliminating one source of warning of its
presence.

Activated carbon has been used as an adsorbant for
poisonous or obnoxious gases for many years. It will
adsorb most organic chemicals, except those of low
molecular weight, and certain inorganic materials. It
is best used in a canister and blower system or in a
bed with air circulated through it with a blower. It
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could be placed in series witi: a carborn dkcxide scrubber
and the same blower used for both.

A Molecular Sieve could be used instead of activated
carbon since it will absorb practically the same
materials. However, the cost would be. much higher.

1* Some Contaminants can be removed by combustion, but this
would consume oxygen and add heat to the shelter.

Catalytic action can be used to remove some contamin-
ants. This, however, requires special equipment in
some cases and also adds to the heat load of the shelter.

It is estimated that about one-half pound of activated
- t•carbon would be required per person. This would cost

about $0.33 not including the cost of a blower.

'i There are no particular problens in handling or storing
-. iactivated carbon. However, during use it may become

contaminated with toxic materials and should, therefore,
be disposed of carefully.

The human senses do not provide a reliable means of
determining oxygen or carbon dioxide concentraticas.

i There will, of course, be physiological effects from
excessive CO2 or deficient oxygen, but it would be
dangerous to rely on these as an indicator of improper
concentrations. Consequently, it will be necessary to
provide some type of instrument to measure and indicate
carbon dioxide and oxygen concentrations in order for
the shelter occupants to know when to supply more oxygen
or replace the carbon dioxide absorbent.

Carbon monoxide gives no warning of its presence which
can be detected by the human senses. It will, therefore,
be necessary to provide a means of detecting and indi-
cating concentrations of carbon monoxide. It would
also be desirable to be able to measure concentrations
of other toxic or explosive gases which might be pre-
sent, such as ammonia, hydrogen, hydrogen Eulfide,
methane or fuel vapors.

Fortunately there are available commercially simple,
reliable instruments for all of these purposes at
relatively low prices. Some of these are manually
operated and some, at higher cost, are power operated.
Many of the power operated instruments are more or less
automatic in their operation. However, for economy and
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reliability the manually operated instruiw-ts uould.
probably be the best choice for shelter use.

instrunents of this typee have beer. dereloped for uise
in mines and tor industrial hygiene 'werk- Therefore
the =ost likelv source of obtaining then wou~ld be
through nine and industrial sv-pply companies.

C~i~OYMO OF TIIEPM~L ENVRGON7-M

k a closed shelter there will be no veatilation aiz
for cooling purposes. The unly natural method for
removing heat -sill De through the snelter walls to the
surroundings. It may be assumed that a shelter for
protection agaiDst mass fires will be underground and,
therefore, the sheat sink will be the surrTounding easrtb'.

Under conditions of low earth temperature and relatively
large shelter surface area per person, there say be
enough beat transferred through the walls to maintain
a 'olerable effective temperature. licvever, there
would be no -4oisture renoval. except by condensation
on the walls if the wrall temperature was below the dew
point.

In group or comranity shelters, the shelter surface area
would pronably not boe sufficient to transfer enough
heat to maintain the effective temperature below 820?.
It is, therefore, probably safe to assume that some
form of mechanical cooling will be necessary dnring
the "button up" period, Not only will there be no
ventilztion air for cooling purposes, but there also
will be the added heat from the oxygen producing sys-
,tern (except compressed gas cylinders), the carbon dio-
xide removal system, the heat of adsorption from the
contaminant removal system and the heat liberated by
condensation of water vapor if desiccants are used.

if a mechanical cooling system is to be used, it prob-
ably will be designed to operate over the entire term
of occupancy of the shelte~r, rather than on the basis
ofl a 24-hour closure period, and the methods presented
in the previous chapters can be used for design pur-
poses.

However in a closed shelter there could well be a
question concerning the availability of power. If
public utility power is not available, as well may be
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the case, the shelter would have to depend on its own
power capability. All of the practical auxiliary power
systems depend on combustion processes and combustion
air intakes will probably have to be sealed as well
as the ventilation air intakes. Cooling air for the
power system also would not be available. Consequently
there is a strong possibility that the auxiliary power
system could not be operated during buttoned up opera-
tion.

So far as is known there is no practical power systen
which will operate as a completely closed system, other
than storage batteries, although fuel cells hold con-
siderable promise in this respect, and research has been
proposed on closed-cycle internal combustion engines.
This fact provides another argument in favor of a well
water cooling system since it would be possible to
provide at least a minimum amount of cooling capacity
by manual pumping in many cases.
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CHAPTER XI

PROTECTION AGAINST HAZARDS IN ADDITION TO FALLOUT

The objective of the current civil defense program is to
identify or develop a sufficient number of fallout shel-
ter spaces to protect all of the population of the United
States wherever they may be (home, work, school) from the
effects of radioactive fallout. Since early fallout
covers a larger portion of the population than do other
effects of nuclear weapons, protection against fallout
radiation is a logical starting point in a defense
program.

When fallout shelters with habitable environments have
been provided, additional protection against other wea-
pons effects can be considered. One way of providing
these shelters would be to increase the protection
capabilities of existing fallout shelters. Consequently,
it may be desirable to provide for this increased pro-
tection in the design of the fallout shelter.

In addition, the pattern of possible nuclear attack
cannot be predicted and it is possible that a fallout
shelter could be in the fringe areas of blast effects.
Therefore, any protection capability which can be
incorporated in the shelter design would be an advantage.

A thorough consideration of the design of blast shelters
is beyond the scope of this discussion. However, a
brief consideration of some of the aspects of blast
protection of mechanical systems is worthwhile.

A blast resistant shelter is defined as one which has
been designed to resist a specified overpressure and al]
the concomitant weapons effects, so as to insure a very
high probability of survival of the occupants when the
shelter is subjected to that overpressure. The probabi-
lity of survival would be less for weapons effects
associated with overpressures above design values. The
extent to which the shelter continues to offer protection
above design values is a function of structural design,
weapon yield and environmental conditions.

Because of thq nature of the overpressure distribution
associated with a nuclear detonation, far greater land
area is exposed to overpressures less than, say, 25 psi
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than from 25 psi to ground zero. This is not to say
that more people, or shelters, would be aubjected to
lower overpressure levels, since this would depend
entirely on the kind of attack an enemy might mount.
It does suggest, however, that the greatest probability
for reducing significantly the lethal range of the
weapon is at the lower end of the overpressure scale.

It will be noted that in defining a blast-resistant
shelter, it was stated that such a shelter would 9rotect
against initial nuclear and thermal radiation as well
as blast. This is due to the fact that a shelter within
the range of the blast overpressures will also be in
range of the radiation effects. A shelter receiving
100 psi overpressure would be within the fireball for
weapons of 0.5 megaton or larger.

Table 11.1 summarizes the relative effects of blast
overpressure, initial nuclear radiation, and thermal
radiation at various distances for various size weapons.
The height of burst for each case is such as to maximize
the effects. Thus, the data in the table are the maxi-
mum values which might be expected at the indicated
range. The initial nuclear radiation dosages are not
given for distances of 5 miles or more since they are
extremely small even for a 10 megaton explosion. The
data is taken from the Effects of Nuclear Weapons,
Chapter XII. (3)

In interpreting the data of this table, it should be
kept in mind that a blast overpressure of 2-3 psi will
severely damage most residential structures and about
10 psi will cause serious damage to almost any conven-
tional structure. A thermal radiation exposure of about
7 cal/sq cm will cause second-degree skin burns and
ignite kindling materials. The initial nuclear radiation
has a much greater energy level than the residual gamma
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TABLE 11.1

WEAPONS EFFECTS FOR AIR BURST WITH MAXIMIZED RANGES

-I Distances Explosion Yield
From Ground Zero 1KT 10 KT 100 KT 1MT 10MT

1/2 Mile

Overpressure (psi) 4.1 13 46 ** **
Thermal Radiation 3.8 38 380

(cal/cm2 )
Inltial Nuclear 670 6700 76000
Radiation (rems)

1 Mile

Overpressure 1.5 4.5 14 ** **
Thermal Radiation 0.9 9,1 91
Initial Nuclear 9.1 91 1100

Radiation

2 Miles

Overpressure 1.0 1.7 5.0 16 **
Thermal Radiation 0.2 2.1 21 210
Initial Nuclear --- 0.2 1.9 35

Radiation

3 Miles

Overpressure --- 1.0 2.8 8.6 29
Thermal Radiation --- 0.9 9.0 90 900
Initial Nuclear --- ...--- <1.0 2.6

Radiation
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TABLE 11.1
(continued)

WEAPONS EFFECTS FOR AIR BURST WITH MAXIMIZED RANCES

Distances Explosion Yield
From Ground Zero 3 KT 10 KT 100 KT 1 MT 0 T

5 Miles

Overpressure --- <1.0 i.4 4.1 13
Thermal Radiation <1.0 3.0 30 300

10 Miles

Overpressure --- <1.0 1.5 4.5
Thermal Radiation --- - <1.0 6.6 66

20 Miles

Overpressure --- .. ... 41.0 1.7
Ther al Radiation -.--- --- 1.4 14

50 Miles

Overpressure ---... ... ... ... .0
Thermal Radiation ... ... ... <1.0 1.7

** Inside or close to fireball.

--- Value too small to be significant
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radiation and consequently 18 inches of concrete or 26
inches of earth are required to attenuate it by a fac-
tor of 10 (as compared to 8 inches of concrete or 12
inches of earth for residual radiation). A dose of 100
roms would have little or no immediate effect on ex-
posed persons and many persons receiving doses of up
to 200 rem3 would not be greatly affected. At about
400 to 500 rems all persons exposed would become sick
and require medical care. Approximately half of these
would recover. A whole body dose of 1000 rcms would
cause sickn.ess within 4 hours and death within 2 or 3
weeks for almost everyone exposed.

These data indicate that, when designing a shelter toA resist blast overpressures, it will also be necessary
to consider the effects of the initial nuclear radia-
tion and the thermal radiation. Shielding against the
nuclear radiation is a function of the basic shelter
structure and, as such, is the responsibility of the
architect or structural engineer who designs the shelter.
This is also true for the degree of blast resistance
which the shelter will afford. Normally the engineer
designing the mechanical systems will not be concerned
with the design aspects of the structure itself except
insofar as they affect the mechanical components.
There may be cases where one person would design both
the structure and the mechanical systems but that per-
son would of necessity, have previous training in
structural design. Thorefore no consideration will be
given here to the problem, involved In the design of
the basic shelter structure.

The mechanical engineer will, hovever, be concerned with
the effects of the thermal radiation since the external
components of the mechanical systems, such as ventila-
tion ",alves, will be exposed to very high thermal ra-
diation levels. Laboratory tests, as well as experi-
ments at nuclear test sites indicate that exposed
components of shelters cai e protected against thermal
radiation by (1) highly reflective coatings, (2) use
of refractory materials, and (3) coatings of materials
wi t h high latent heat of fusion and vaporization (69).

For blait shelters with high degree of blast resistance
the thermal exposure will be sufficiently large so
that the only means of protecting the exposed portions
of the mechanical systems appc'.zrs to be by thick coat-
ings of materials which u~e the process of ablation.
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The process of ablation is one where the protective
material is removed by melting and vaporizing, or
sublimating, and is carried away as a gas. The heat
transfer to the surface is reduced by the heat necessary
to sublimate the material and, in addition, some of the
thermal radiation is absorbed by the gaseous products of
ablation. However this conclusion is based only on
theoretical analysis since no laboratory tests hzve been
able to reproduce the conditions to be expected from a
full scale weapon (69).

At lower levels of blast resistance refractory or re-
flective coatings may be sufficient protection against
the effects of thermal radiation.

In considering the protection of mechanical systems
against blast effects, the level of blast protection
necessary will be determined by the structure. It
would be useless to design systems to resist overpres-
sures greater than could be withstood by the structure.
At the same time, mechanical systems with less blast
resistance than the structure will reduce the degree
of protection afforded by the shelter. Blast protec-
tion is expensive and overdesign cannot be justified
economically.

It is not necessary that the structure suffer total
collapse in order for it to provide inadequate blast
protection. If it is damaged so as to open cracks in
the structural shell, the occupants would be exposed
to subsequent radiation. Pieces broken from frangible
materials can cause "missile damage" to the occupants
or equipment. A pressure buildup on the interior due
to inadequately protected openings could result in
injury or death even if the structure did not fall.
Openings which might permit such a pressure build-up
might be leaks around doors or hatches, cracks in the
structure, ventilation or exhaust ducts, or sanitary
vents.

From the standpoint of economy, it is often desirable
to design a structure which will yield under blast
loading and permit deflections beyond the elastic limit
without undergoing serious damage or collapse. It must
be accepted that there is a probability of deflection
and partial damage to the structure and this must be
taken into account in the design of mechanical systems.
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The mechanical systems must be able to accommodate
differential movements and must be protected against
relative motion between the structure and equipment.

At any point where service lines pass through the shell
of the structure, flexible connections should be provi-
ded to allow for relative motion between the structure
and the ground. Such service lines would include
water and sanitation piping, fuel lines, and electrical
conduit. In addition, water lines should be provided
with a check valve at the point where they enter the
structure and sanitation discharge piping should in-
clude backpressure valves.

Mechanical equipment should be shock mounted and clear-
ance provided between the equipment and adjacent objects
in order to accommodate relative displacements. The
requirements for adequate shock mounting depend on the
strength of the shock wave, the fragility of the equip-
ment, the subsurface depth ef the structure and the
physical properties of the surrounding materials.
There are two types of shock: air induced shock and
lateral ground shock. Strong blast overpressures may
cause high momentary accelerations and large displace-
ments of the structure. Hence conventional vibration
mounting may be quite inadequate. It is apparent the
flexible connectors should be provided on fuel and
water lines and electrical conduit to the equipment.

In some cases ventilation air ducts can be installed
in protective concrete envelopes integral with the
floor or roof slab in order to eliminate relative
motion between the ducts and the slab. In other cases
the ductwork can be suspended and provided with flexible
connectors in order to accommodate the relative motion.

Lighting fixtures may be pendant mounted and equipped
witb plexiglass or lucite diffusers. The use of incan-
descent lights should be avoided since the tungsten
filaments are vulnerable to shock. However locking
devices should be provided to hold fluorescent tubes
in their fixtures.

In a blast shelter, all openings into the shelter must
be equipped with blast valves, or blast doors in the
case of entrance ways. Blast valves would be required
at the ventilation intake and exhaust, on sanitation
vents, and on air intake and exhaust openings for the
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power system. These valves must be provided with
means for manual closing and opening from within the
blast protected space. In addition they should be
blast or sensor actuated for aut,.matic closure. The
sensing device may react to heat, light, radiation or
pressure, resulting from a nuclear explosion and must
be capable of distinguishing between natural or man-
made signals and the signal characteristic of a nuclear
detonation. The remote sensor must be located at
sufficient distance from the valve to allow time to
transmit the signal and for the valve to close before
the blast wave reaches the valve. Heat, light and
radiation travel at the speed of light and would reach
a sensor before the pressure wave. Therefore pressure
sensors must be located at a greater distance from the
valve than the other types in order to insure suffi-
cient closing time.

Blast valves used on air intake systems equipped with
filters should limit the pressure build-up during the
closing cycle to 2 psi or less. A blast pressure of
2 psi will cave in ordinary panel type filters and
severely reduce the efficiency of even the better
military specification types. Such a pressure would
not cause direct traumatic injuries to human beings in
the shelter but could result in secondary injuries by
their being knocked down or being struck by flying
objects resulting from breakage in the shelter.
Therefore, the passages between the blast valve and
the filter should be constructed with expansion cham-
bers or 90 degree bends to attenuate the pressure to
I psi or less. A perforated metal plate with 10 per-
cent open area installed ahead of the filters would
reduce pressure from 2 psi to 1 psi.

The leakage rate of blast valves, measured by the over-
pressure developed in the shelter in relation to the
incident overpressure, is kept at a low design value
to avoid damage to filters and other fragile parts of
the ventilation system since the huwan tolerance to
overpressure is relatively high. The necessity for
maintaining a low leakage rate sharply increases the
cost so that the air filters and low-cost blasc valves
are generally incompatible. Thus the conclusion that
air filters are unnecessary for fallout protection
improves the prospect for the development of lov-cost
blast closures. If, in addition, communications and
warning systems are such as to give warning time
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sufficient to allow the use of manually operated valves,
"the cost could be further reduced.

Blast valees installed in exhaust lines or direct
intake lines are required to lir-it pressure build-up
to 5 psi. This ,would also require the use of 90 degree
bends or expansion chambers to attenuate the pressure
reaching the shelter interior.

It is obvious that all blast valves must have sufficient
corrosion resistance to insure that they will remain
operable at all times. Valves used on engine exhausts
must be resistant tv the high temperature and corrosive
effects of the exh-aust ga~'o.

"There are several types of blast closure devices available
and new ones are constutly under devepnent. A coupre-
hensi7e consideration of th- various operating principles
and characteristics is, however, beyq:jd the scope of this
discussion.

When a blast wave strikes a surface which is not parallel
with the direction of travel, a reflected pressure is
produced. The magnitude of this reflected pressure de-
pends upon the angle between the surface and the direction
of the blast wave. In order to reduce the effects of
reflected pressure, blast valves should be installed with
movable heads flush with the duct through which the blast
wave will travel. Placing the valve below the surface
of the ground will reduce reflected pressures as well as
attenuate the overpressure.

PROTECTION AGAINST CHEMICAL AND BIOLOGICAL CONTAMINATION

STUDIES :.NDICATE THAT THE THREAT TO THE UNITED STATES
POSED BY CHEMICAL &ND BIOLOGICAL AGENTS IS RELATIVELY
LESS SIGNIFICANT TLAN THAT POSED BY THE NUCLEAR ONE.
CHEMICAL AGENTS ARE NOT CONSIDERED A MAJOR STRATEGIC
THREAT AS THEY ARE EFFECTIVE MAINLY IF USED AGAINST
TACTICAL TARGETS OF LIMITED AREA. ALTHOUGH THE POSSI-
BILITY OF EMPLOYMENT OF BIOLOGICAL AGENTS AGAINST THE
U. S. POPULATION CENTERS CANNOT BE RULED OUT, NEITHER
A CHEMICAL NOR BIOLOGICAL THREAT AGAINST T.E CONTINENTAL
UNITED STATES WARRANTS, AT THIS TIME, THE ATTENTION AND
PRIORITY GIVEN TO DEFENSE AGAINST THE EFFECTS OF NUCLEAR
WEAPONS. HOWEVER, RESEARCH ON METHODS OF DETECTING,
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IDENTIFY ING. REPOW~IW, ALY'MINW. ALN-D DEFtN-DL'VG AGAINST
BI OLOG ICAL AGENTS WILL COKTIMVE WIHLE fI&R POT MTIAL
THREAT IS KET UN'DER COYSTANT RENIEV.

Agents oi zhenical or biological wa-fare are aot producand
by th~e detorat ion of a nuclear w~eapon. However, it is
possible that a nuclear attack (Juld damage cbeaical
nanufacturing or processing pla.nts and thus release
cantaninatirg agents into the cavircanent. Protection
against ibese types of contamin~ants involves many of the
sane techniques which are effec~ii.L against radiolngical
contaninants. Therefore, it is mortbwtuile to give brief
consideratioe ta the codificativns which could be made
to "he protective structure to provide the additioezl
tapability to protect against chezical and/or biological
con tanina tion.

Chemical warfare agents are solids, liquids, and gases
which produce lethal. injurious, irritating or psycho-
logical effects. They are spread in the form of vapors,
particulates or liquid droplets. The poison gases nay
be classilied as: (1) blister agents, such as mustard,
nitrogen mnstard and levisite; (2) choking gases such
as phosgens and diphosgene; (3) vomiting gases such
as Adamsitz, and dithenylchloarsine; (4) blood ga-ses
such as hydrogen cyanide, cyanogen chloride and arsine;
(5) harassing agents such as acetophenone; (6) nerve
gases; and (7) psychochemicals (53).

All of the known. toxic gases, except the nerve gases and
psychological gases, can be detected by the human senses.
in addition, there are available chemical agent detectoar
kits and automatic gas alarms. The alarms will also
detect the known nerve gases.

Biological warfare agents are viruses, living organisms
or their toxic products and there are no sensing or
warning devices presently available which will detect
them. They can be identified but this requires coilecting
samples and growing cultures, which takes anywhere from
several hours to several days.

Protectioi' against c~hemical and biological agents
consists of providing air that does not contain these
agents. This means supplying air that has not become
contam~inated or removing the contaminating agents from
the air. Methods which cowid be used might include one
or more of the following:
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1. Reeove contaminating agents from the incoming
air by filtering and/or adsorption;

2. Recirculate the air inside the shelter through
filters and/or adsorbers;

3. Seal the shelter completely and supply revi-
talized air by methods summarized in Chapter
X;

4. Provide each occupant with a self-contained
device such as a gas mask;

5. Provide each occupant with an air-storage
device such as SCUBA apparatus;

6. Provide individual masks or mouthpieces
connected to a central source of uncontaminazed
air.

Although any or all of these methods could be used,
there are obvious objeqtions to some of these. Gas
masks or SCUBA apparatus nay be suitable for short
periods of tire, or for persons who might have to leave
the shelter to perform vital duties, but they would not
be practical for periods which might last for days or
even veeks. The central source of air with individual
masks would have the same limitations. Complete clo-
sure of the shelter is possible and may be desirable,
but it involves the necessity of supplying oxygen and
removing carbon dioxide and of controlling the thermal
environment. Recirculating the inside air is probably
desirable in almost all cases, but as the only means of
controlling airborne contaminants, it may be less than

4 100 percent effective, since the air entering the shel-
* ter is still contaminated.

I& would appear that the best approach would be to
- remove the contaminating agents from the incoming air

before it enters the shelter. Recirculation of the
air can be added to this in order to provide additional
protection against the accidei±tal or intentional re-

lease of chemical or biological agents inside the
shelter. It is also desirable to maintain a small
positive pressure inside the shelter to prevent the
leakage of contaminated air through cracks or imperfectly
sealed openings.
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The best method of removing toxic gases from the air
is by adsorption with granulated activated charcoal.
It should be noted that carbon monoxide, ammonia, and
similar gases are not war gases and will not be ad-
sorbed by activated charcoal, unless it has been
specially treated. Activated charcoal will vary in its
physical and chemical structure depending on the raw
material, methods of manufacturing, and irpregnation
with various additives. Its performance in removing
various gases and vapors will vary with the variation
of the above factors.

Biological agents consist of bacteria, viruses and
other micro-organisms which are particulate in nature.
Thus a high efficiency particulate filter will remove
them. This filter should be placed ahead of the gas
adsorber since it will collect not only the biological
particulates but also aerosolized toxic agents. These
aerosols would be held until they vaporized and were
adsorbed in the gas filter. In aerosol form, they
could pass through the adsorber without being removed.

Prefilters of the medium efficiency type should be used
ahead of the high efficiency particulate filters to
collect larger particles and extend the useful life
of the high efficiency filter. This would be especially
true in an area where high concentrations of fallout or
inert dust might be expected.

The prefilter would probably be a disposable panel
type using either dry or viscous impingement. The
particulate filter consists of a special filter medium,
developed by the U. S. Army Chemical Corps, which is
folded into pleats and sealed in a wood frame. The
pleats may vary in depth from 5-3/4 inches to about 11
inches depending on the filter. Each filter is tested
and must measure a penetration of less than 0.03%
(greater than 99.97% efficiency) on particles of 0.3
micron.

Gas filters consist of specially treated activated
carbon to remove or inactivate poisonous gases or vapors
which penetrate the particulate filter. Special con-
trols and precautions are exercised during their manu-
facture because of the degree of protection required.
A mixture of coarse and fine carbon granules is packed
tightly into perforated metal trays. The filling is
done under pressure and vibration to insure a gas-tight
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barrier between the carbon and the sides of the tray
and to prevent settling of the carbon even after rough

" " - handling. Obviously if the carbon were to settle voids
would be created which could allow the gp to leak
through. Extremely rigid standards of ii. ,ity control
and testing are maintained on these filters.

The prefilter, particulate filter and gas filter may
be purchased separately or as a unit consisting of the
particulate and gas filter only, or all three. It is
also possible to obtain a unit consisting only of the
prefilter and particulate filter but this would provide
only radiological and biological protection. The com-
plete CBR filter unit is also available with the blower
and motor drive, either electric motor driven or gas
engine driven, or with manual drive.

The maximum capacity of each filter unit, in cubic feet
per minut.e, is specified and should not be exceeded.
If greater capacity is needed, two or more units should
be installed in parallel in order to avoid excessively
high resistance to air flow and excessive pressure
drops across the filter.

When the tilter is located inside the protectAd structure
it should be installed on the suction side of the blower
so that the pressure in the filter and inlet duct will
be less than that of the filtered room air. Thus only
filtered air can leak into the duct in the event of
leaking joints. If the filters are placed downstream
from the blowers, contaminated air flowing from the
blower to the filter would be at a pressure greater
than room air and leakage of contaminated air from the
duct to the room could occur.

It is likely thai, protection against chemical and bio-
logical agents would be provided in a shelter for vital
operations and personnel. Such a shelter would probably
provide blast protection also. In this case, the in-
coming air would enter through the blast closure device,
a plenum or expansion chamber, a prefilter, a particu-
late filter and then through the gas filter. The series
of protective devices will provide a resistance of 2-4
inches of water when the tilrers are clean and from 4-6
inches when the filters are loaded. It can thus be
seen that power will be necessary for the blowers.
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If in air conditioner is used, the incoming air, after
leaving the filters, would pass through the air condi-
tioner and then to the sheltered space. It should
leave the shelter through the entrarce air lock in
order to scavenge the entrance system. An antiback-
draft valve and blast closure would be installed in
the exhaust duct to protect against backflow due to
wind gusts or blast overpressures.

The entrance system for a CB protected shelter should
include an airlock for entrance and exit, and a decon-
tamination room which includes showers and a means of
disposing of contaminated clothing and equipment. Air
should flow through the decontaminating chamber at not
less than 15 to 20 feet per minute, counter to the
movement of the entering personnel.

In order to prevent air leak4ye into the shelter through
the building walls and openings, the shelter should
be pressurized. The lowest pressure at the air lucks
should be at least 0.3 inch of water which will be
sufficient to overcome the pressure of a steady 25
mph wind (72). The maximum pressure required will be
determined by the arrangement of the shelter facilities.
The pressure should drop 0.1 inch of water (maximum)
for each chanber leading from the main shelter area
to the air lock. Thus if there is a main shelter, a
decontamination room and an air lock, the pressure in
the main shelter should be regulated at about 0.5 inch
of water, about 0.4 inch of water in the decontamina-
tion room and 0.3 inch of water in the air lock.

it is possible to build an unpressurized protective
shelter but it must be absolutely airtight. This
requires the complete sealing of the shelter, keeping
in mind that many common building materials are perme-
able to gas. Also, some means of entrance and exit
must be provided which will not result in contaminants
entering the shelter. Consequently, unpressurized
operation is not practical or recommended.

Recirculation of the ventilation air will reduce the
capacity required for the intake system. If air con-
ditioning is available, tne fresh air intake capacity
required is only enough to supply the necessary oxygen,
or about 3 cfm per person. Without air conditioning,
the capacity will be determined by the necessity for
controlling the effective temperatures.
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There are several possible arrangements for air recir-
culation.

1. Recirculated air passes through the air
conditioner only and make-up air enters
through the CB filters.

2. Recirculatio.A through a particulate filter
and air conditioner only and make-up
tnrough the CB filters.

3. Both recirculated and make-up air pass
through the complete CB system.

4. Recirculated air passes through the
separate particulate filter and commercial
gas filters and mixes with CB filtered air
before going to the air conditioner.

The third method would provide maximum protection
against external contaminants and those which might be
regenerated within the shelter. The fourth method
would probably not provide protection against inter-
nally generated toxic gases but would remove odors
from the recirculated air.

Air which has passed through the toilet areas should
not be recirculated witnout being filtered for odor
removal. Air from the decontamination areas should
not be recirculated without passing through the com-
plete CB system.

Since the threat of chemical or biological agents is
much less significant than nuclear weapons effects,
available finances for shelter can probably provide
greater life saving potential if applied to other
types of protection such as increased levels of fall-
out radiation protection, increased ventilation cap-
ability or some blast resistance. Therefore desig-
ners of shelter facilities would be well advised to
avoid designing elaborate chemical and biological
protection systems until they have assured them-
selves that the money could not be better used for
these other types of protection.
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CHAPER XII

SELECTION OF SYSTEX COMPONENTS

The development of additional shelter spaces is concen-
trated on the incorporation of dual use shelter in new
buildings at miuimum cost. In this context, there
would seldom be any justification for the design of
special mechanical systems for the shelter area. The
features discussed in this chapter would be desiratle in
any shelter, and could be incorporated at the option of
the owner, but this is not compatible with the austere
shelter program nor the slanting of buildings at little
or no cost. The following discussion, therefore, applies
for the exceptional situation where the cost of special
mechai.ical systems can be justified and is acceptable
to the owner of the facility.

Once the various aspects of the problems involved in the
design of mechanical systems for fallout shelters have
been analyzed and the system requirements have been de-
termined, the selection of the system components and
configuration can be made of accordance with the fol-
lowing general objectives (2, 20):

1. To protect the occupants of the shelter and the
equipment from weapons effects and fire effects
to a degree that is consistent with potential
capabilities of the shelter;
a. Maintain radiation barriers inviolate by pro-

viding shielding at points where ducts pene-
trate the structural shell;

b. Provide a weather prool air intake fixture
that tends to exclude fallout particles, and
locate this fixture at a safe distance from
combustible materials aDd above the ground
turbulence layer;

c. Avoid contamination of interior spaces, equip-
ment rooms and e.itryways by radioactive parti-
cles and combustion gases from fires or fuel-
burning equipment;

d. Provide blast closures or attenuators for
blast-resistant shelters;

e. Provide filters for purifying the fresh air to
a degree consistent with the intended use of
the shelter; shield occupied spaces from the
air filters;
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f. Consider the use of life support systems for
suitable closed shelters located in a poten-
tial fire area;

g. Consider the requirements for shock-mounting
equipment in blast-resistant shelters.

2. To maintain a tolerable physical environment;
3. To prevent or minimize condensation of moisture

on interior surfaces;
4. To avoid awkward duct connections and the resul-

tant head losses and noise;
5. To re-use waste air from the ceiling level of oc-

cupied spaces for scavenging service areas such
as equipment rooms, toilets, and entryways;

6. To facilitate operation, maintenance and repair
of all equipment;

7. To pyuvide system flexibility for accommodating
seasonal changes and variations in physical ac-
tivity;
a. Reduce the quantity of fresh air in cold

weather or temper the air with waste heat
to avoid over-cooling;

b. Provide mixing dampers and plenum for par-
tial recirculation of the air in order to
maintain air motion and to temper the air
supplied to occupied spaces;

c. Provide means for adjustment of air distir-
bution to correct objectionable drafts
and to balance the system according to
space usage, that is, for sleeping and
recreation;

8. To anticipate and facilitate probable future
improvements or changes in shelter capabili-
ties;

9. To achieve optimum cost-effectiveness, that is
minimum cost consistent with adequate perform-
ance for the integrated shelter system.

It is possible, indeed probable, that it will not be
practical to attain all of these objectives in any
given shelter system. Certainly in a small, family
shelter the ventilation system would be minimal and
offer very little in the way of flexibility, air
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recirculation, high efficiency filtrat.ion, blast
A. closures, etc. It would probably consist of little

more than an intake fixture, duct connections to a

1 manually operated blower, and an exhaust outlet.

For larger shelters the system may be more sophisti-
cated and have provisions far meeting many of the
objectives listed.

The components for a near-minimal forced ventilating
system for an underground fallout shelter are listed
in Reference 20 (also in Reference 2).

1. Weatherproof intake fixture for fresh air.
This may be a hood of the mushroom type with
threaded connection for attachment to the intake
duct, which terminates 2 ft above grade. The hood
has a low inlet velocity to promote gravity sepa-
ration of coarse particles, and a screened opening
to exclude leaves and vermin. The fixture is lo-
cated some distance from the shelter and adjacent
wood-frame building. In lsrge systems, other types
of intakes may be utilized.

2. Air intake duct between hood and plenum.
This duct is made of steel or abestos cement pipe
and is buried underground. This construction pro-
vides beneficial heat exchange with the earth un-
der extreme conditions during summer or winter.

3. Fresh air plenum and filters.
The plenum should be in or adjacent to the equip-
ment rnom, may be made of solid concrete masonry
units, may have an accesa opening into the adja-
cent entryway, and should contain the supporting
framework for the air filter panels. The filter
media may be flame-resistant pleated glass fiber
mats supported in a metal cell by pleated wire
screen on both sides. Support of the filter me-
dia on both sides is particularly desirable in
blast shelters.

4. Duct connections to fan inlet.
T~ts duct may be of flexiblP, wire-reinforced, im-
pregnated glass fiber tubivg.
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5. Blower with combination drive.
The blower is a single-inlet, radial blade cen-
trifugal type (See Chapter 40 of the 1963 ASHRAM
Guide and Data Book). With constant-speed - vtor
drive, the 2an is assumed to bave a capacity of
15 cfm per occupatt against a static pressure of
1.5 in of water. The alternative unual drive
is bicycle type. Class II construction wy be
selected if there are plans for upgrading the
shelter to provide blast protection.

6. Distribution duct and diffusers.
This duct supplies air through adjustab•,e dif-
fusers. The air traverses the shelter before
being exhausted through the equipment room,
toilets and entryway.

7. Recirculating duct and grill.

8. Fresh and recirculated air mixing dampers.
The recirculating duct and mixing dampers pro-
vide for mnual adjustment of the fresh air
quantity without reducing the amount of air
supplied to the shelter.

9. Provisions for discharge of waste air.
This includes openings with adjustable registers
for exhausting waste air to the outside through
the equipment room, toilets and entryway and an
exhaust duct connection to a weatherproof exhaust
hood above the toilets. The exhaust hood has a
screened opening. The flow of air through the
exhaust openings can be restricted to pressurize
the shelter. In war.. weather, waste air is taken
from the shelter at ceiling level.

A much more extensive system is illustrated in Figure
12.1. This figure has been reproduced from Reference
74 and the follewing description of the system is that
of the author of the reference, Frank C. Allen, who also
wrote Reference 'ý and assisted in the preparation of
Reference 20.

"In the configuration shown in Figure 12.1, utility and

service areas are grouped for ventilation in sequence by
waste air leaving the shelter. The numbered items may be
identified as follows:
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-1. Weatherproff hoods of the wishroom type for
itake and exhaust air. If the air intake
fixture is designed for low entering air
velocity (less than 200 ft/mmn), coarse par-
ticulates having :. higher terminal velocity
of fall would be separated by gravity from
the fresh air supply-

"2. Automatic blast closures for shelters planned
for blas- resistance.

"-3. Fresh air intake plenum or expansion chamber.

"4. Fresh air filters or prefilters. For example, -

these may be panel filters with a dry or vis-
cous-coated pleated media of fine bonded glass
fibers supported in a metal frame by p'leated
wire screen on both sides.

"5. Gas-particulate filters for protection against
chbeical and biological agents in sbelters
planned for this purpose.

"*6. F;esb air duct-ork with by-pass for the gas-
purticulate filters. The space between the
two b.-pass valves or dampers is pressr-rized
by a pipe connection to the main fan dis-
charge to assure that any valve leakage is
uncontaminated air.

"7. Fresh air blower with electric motor dr've.
Since this blower pressurizes the space and
must be capable of operating against a rather
hish system resistance ii air flow is restricted
by gas-particulate filters and blast valves,
Class II construction may be indicated.

"-8. Grilled opening for recirculated air. Behind
the grill are optional prefilters and actiuated
charcoal filters for odor control.

"9. Mixing plenum with adjustable dampers for fresh
and recirculated air.

"10. Air conditioning chamber with cooling and
heating coils. Cooling coils use well water
and heating coils use waste heat from the
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engicegenerator-.

"1l. ftin fa2 with electric motor drive.

"12. Al.- distribution duetverk with di1'Nfusion
outlets. If cooling and dehux-difying
equip&ment is not prvO4 an air supply
system which introduces ail oi the alr at
the erz of th3 occu*pied zpce =3st rezote
fro* t?.e -&x%*3t openings will probably

veatber.

"-13. Tell and pum Tesir potsble &ad cool7.ng water.
A charging *ell for waste wuter say be-: desir-
able. If vpii- wavr is mo-z available, otbe.-
ueazis zusL be subrtituted for cooUia thhe
stelter anr. equipment., Reat transfer appa-
ratus tr blast sh.-I-ers should b-- blas=T
resiz~tant 'if iastalle-1 ortsi'3e a protective

"14. 4y.1ropawumatic tink -for pressure water sys--
tern.

-15. Optional. Frackage water chiller for alterna-
ti've or supplezetary use. Th~s itemt may be
required .1a hot hunid climtes where cool
well water is not availabe.

ira. Chiilei-w-ater circulatiag pu~mp. T11his iten
3iy be an integral part of the package
water chiller.

"17. Emergency engine-generator set cooled by a
3 heat exchanger or, alternatively, by a re-

note radiator. The fuel storage tank is
not shown.

"18. Heat exchanger and muffler for engine cooling
and waste beat recovery.

"19. Hot water circulating pumip.

"20. Hot water storage tank.

"'21. Batteries for starting engine and for emer~-
goncy lighting.
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"22. Recirculating unit cooler for generator roon.

"23, Control cabinet for functional control appa-
ratus.

"24. Decontamination facility for entry of con-
tamina ted personnel.

"25. Cabinet for detection and test instruments.

"26. Portable mnually-opetrated life-support
systests for a mximum of 24-hour sealed
operation.

"27. Incinerator for combustible waste materials.

"28. Sewage punis and pump beLow stairs.

"It should be emphasized that this illustrative system
is not representative of minimlm requirements. In z
fallout shelter with a simple system for cooling by
ventilation with outside air, many of the items would
be onitted-ba-t the basic features of the ultiumte
plan could be retained."

For most applications centrifugal fans with Class I
construction wil! probably be adequate. However, Class
II construction would be indicated if the system re-
sistance to air flow is high, a3 would be the case if
blast closure valves or gas-particulate filters are
included or if the shelter is to be pressurized.
According to the classifications of the Air Moving and
Conditioning Association (AICA) both Class I and Class
II fans are sta:ndard duty types, the principal differ-
ence being it the blade tVp speeds and the static
pressure. Class I fans use blade tip speeds up to
10,000 ft per win and static pressures up to 5 inches
of water. Class II fans use blade tip speeds up to
14,000 ft per min and static pressures up to 10 inches
of water. Generally speaking, if the required static
pressure exceeds about 4.5 inches of water, Class II
construct-ion should be used.

Ducts used for air distribution may be standard rec-
tangular, round or oval in cross-section. However,
oval duct is considerably more expensive than the
other two types and probably should not be considered.
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Round duct has an installed cost of about 66T, of tkat
for re--tangular duct with an aspect ratio* of 1:1 and
as the aspect ratio of the rectangular duct increases
the cost also increases. The round duct also has the
lowest operati-nal cost (power consumption) for a given
cross-sectional area and flow rate (75).

The only advantage to be gained by the use of the
rectangular euct would be increased headroom, with
overhead installation of the distributing system.
This is hardly sufficient to offset the lower instal-
lation and operating costs for round duct. Consequently
round duet would normlly be used in a shelter. In a
dual purpose shelter, of course, the requirements for
normal operation will determine the type of ducts to
be installed.

In general, air velocities in the ducts should be held
as low a3 possible to limit friction losses and reduce
noise. Hiowever, lower velocities require larger ducts
which occupy more space and increase installation costs.
In conventional systems maximum duct velocities are
limited to L200 fps for residences, 1600 fpm for public
buildings, and 2200 f£pm for industrial buildings.
Velocities of about 2000-2200 fpm in main ducts and
1500-1600 flps in branch ducts might be a suitable as-
sumption for iaitlal design purposes in a fallout shel-
ter, Since the required fan horsepower increases ap-
proximta--y as the sqaare of the velocity, it may be
desirable tc decrease these velocities in order to
conserve power, especially if the system way be oper-
ated on auxiliary power or manually.

In a single purpose sbelter the problem of noise in
the ventilation system ahould not be a determining
factor in selecting dct sizes and air velocities.
The noise in the ducts and/or diffusers would be a
steady backgrocnd sound and would probably not be ob-
jectionable to the shelter occupants. An exception
to this might be a communications center where the
noise, if of sufficient intensity and pDtch, could
interfere with communication operations. The consi'd-
erations in a dual-purpose shelter will depend on the
normal use and noise would be a factor -n determining
the duct design. Even in this case, bowever, noise

*Aspect ratio is defined as the ratio of the long side
to the short side of a duct.
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created by increasing duct velocities in order -.o supply
greater amounts of air to occupied shelter areas would
not be objectionable.

as previously indicated, an air supply system which
introduces all of the air at rthe end of the shelter
remote from the exhaust outlet could probably provide
the lowest average effective temperature during warm
weather when thermal control is by ventilation only.
In this case, there w4ould be no distribution duct sys-
tem. The air would be supplied at one end of the
shelter at low velocity and exhaust near the ceiling
at the otber end. Ideally there would be little mix-
ing of the ventilation air with the shelter air. Ac-
tually, there would probably be some mixing at certain
locations and stagnation at other points.

In this type of system the air could be supplied through
a plenum chamber with large openings and baffles to
give even, low-velocity distribution. Alternatively
the supply could be througb perforated metal duct, or
a duct with a longitudinal slot of varying width, in-
stalled across one end of the shelter. If perforated
duct is used, the holes would be of varying diameters
to give even distribution or a method of blocking off
some of the holes would be necessary.

The air outlets fro= the distribution ducts could be
standard commercial grilles, possibly of the double
deflection type in order to adjust air distribution, or
circulate ceiling diffusers. If the static-regain
method of duct design is used (see Chapter 12, 1963
ASHRAE Guide and Data BooK) the system should be essen-
tially self-balancing and it may not be necessary to
provide dampers at the outlets. However, in the actual
installation, resistances to flow may not be exactly
as calculated due to variations in smoothness of mater-
ials, types of joints, and variations in workmanship.
Consequently, some balancing may be required after the
system is installed and dampers may be desirable. The
cost factor will probably determine whether or not
they are installed.

Figure 12.1 indicates that the generator room is cooled
by exhaust ventilation air from the shelter space and
equipment room., plus recirculating unit cooler. If the
unit cooler is not provided, the requirements for ven-
tilation and combustion air mtist be considered very
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carefully to determine whether adequate air will be
available from the ventilation exhaust. A typical
100-hp auxiliary power system could require as much as
2000 cfm of ventilating air for the power system en-
closure. Of this, about 25 percent would be required
for combustion and the remainder to carry away the
heat rejected directly to the enclosure (41). If th,.
jacket water cooling system uses any conponents withiu
the enclosure which require cooling air, such as a
radiator, the ventilating air requirements would be
significantly greater. It might, therefore, be neces-
sary to provide an adcitional intake and blower to
provide air for the power system enclosure.

In any case it would be desirable to consider a remote
radiator unit outside of the enclosure to remove the
heat rejected to the engine coolant. This would re-
quire additional piping and probably an additional
circulating pump but this would very likely be less
expensive than providing the additional air required
to remove this heat from the enclosure. If adequate
water is available a dLrect make-up-water cooling sys-
ter might be considered.

In a single purpose shelter, the system would be designed
and the components selected on the basis of minimum cost
for a system which is adequate for austere conditions.
In a dual use shelter, on the other hand, the normal
use of the facilities will dictate that the system be
designed and installed to conform to established
codes and standards and in accordance with good engi-
neering practice, with the possible exception of fea-
tures which are solely for emergency use. However,
even in single purpose shelters local building codes
should be followed and the pertinent codes and stand-
ards should be observed wherever possible.
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CHAPTER XIII

SHELTER OPERATION AND MANAGEMT

This book is concerned with the prob'ems involved with
the control of the chemical and thermal environment in
shelters. The emphasis is on the criteria and systems
which must be considered to create a tolerable level of
habi Lability. Yet it must be remembered that the objec-
tive of this effort is to provide a refuge for people
in case of nuclear attack, or natural disaster, and that
the survival of these people is the purpose of the shel-
ter. It may well be that survival of the occupants will
depend to a great extent on the effectiveness of organi-
zition and quality of management, as well as level of
protection and efficiency of the mechanical systems
which are provided.

An extensive consideraticn of the concepts and techniques
of shelter managemunt and operation are obviously beyond
the scope of this discussion. Those who wish to pursito
the subject in depth can find more information in the
Federal Civil Defense Guide and in some of the publica-
tions listed in the appendix of this book. There are
also courses for shelter managers available from time to
time in most areas of the United States.

The intent of the chapter is to suggest some possible ways
in which the requirements for organizing, managing and
operating a shelter may have an impact on the design of
shelter facilities. Certainly the design of a shelter
area in a 'building can help to facilitate the organization
of, and effective operation by, the occupants if some of
the requirements are considered during the planning stages.
Unfortunately there is an almost total lack of definitive
information in this area at the present time. Consequently
all that can be done here is to suggest some of the possi-
bilities which might be considered.

There is no identical experience in the human past which
can provide a true insight into the sociological and
psychological conditions which might exist in an occupied
shelter following a nuclear attack. It is to be expected
that the shelter will be occupied by a heterogeneous group
of people who have been uprooted from the normal pattern of
their lives and crowded together in the confined space of
the shelter under conditions of extreme physical and emo-
tional stress. They may enter as complete strangers to
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each other, many of them separated from their families
and ignorant as to the fate of their loved ones. Of
necessity the shelter will be crowded, possibly even
overcrowded, and living conditions will be austere. It
would be difficult to devise a more rigorous test of
social and psychological adjustment and it will require
vigorous, informed apd dynamic leadership to prevent
condAtions from deteriorating to the point where the
survival of the occupants would be _n jeopardy.

Although it is impossible to simulate all of the condi-
tint-s which would exist i" a shelter under emergency
conditions, there have been tests conducted in shelters
with human occupants which have yielced some valuable
informtion concerning the emotional response to the
shelter environment "s well as the physiological res-
ponse.

The sourcvs of discomfort and complaint, as revealed by
questt;Irnaires filled out by the occupants, were about
as wouid b, expected. The exact rankings of the dis-
comfort f1c1'ors varied from test to test but most of
Ltz,-- ave high rankings to such things as noise, lack
of watv; , irowding, heat and humidity, food, dirt, and
difficuity in sleeping. There were other factors
mentioned but those listed were the ones generally
receiving the hijhest rankings. There was a somewhat
surprising lack of indications of interpersGnal con-
flicts.

The complaints about lack of water involved water for
washing purposes, since, in most of the tests, there
was no restriction on drinking water or the allowance
was generous enough to cause no hardship. Obviously
this complaint is closely associated with the complaint
about dirt.

In many of the tests the thermal environment was well
within the comfort range, either due to favorable out-
side air conditions or because conditions were deliber-
ately controlled to provide comfortable effective tem-
peratures. Hoi'ever, when the effective temperatures
in the shelter exceeded about 780 FET, heat and humidity
were the highest ranked discomfort factors.

Complaints about noise appeared to stem from noise cre-
ated by the occupants more than from noise generated by
mechanical equipment, although the latter was a factor.
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Tests conducted with a trained, designated manager in
the shelier were more successful than those without a
designated manager. i'n tests where there was nD desig-
nated manager, and in one where the manager deliberately
adopted a passive attitude, it was found that leadership,
organization and functioning were poor or less effective
as evidenced by such findings as deterioration of stan-
dards of cleanliness, higher noise levels and more
difficulty due to behavior of individual occupants. The
larger the shelter, and the more complex the performance
requirements of protective shelters, the more critical
sere the leAdership and technical qualifications of
shelter managers and staffs to shelter performance.

Since all of these were supervised and monitored tests
there were many factors involving management of a
shelter which the designated manager did not have to
handle. The occupants were screened to eliminate per-
sons with serious physical or psychological disorders.
There was adequate medical care available and persons
who were ill or mentally disturbed could be, and in
several cases were, rroved from the shelter. The
mechanical equipment was thoroughly checked and tested
and outside technical assistance was available, if
needed. Finally, all of the occupants knew that it
was only a test and that no real emergency existed.
In most cases, they knew exactly how long they would be
in the shelter and also knew that they could leave if
conditions got too severe. Ccnsequently there were
many factors which could not bo revealed by these tests
which could become matters of life or death in an
occipied shelter after a nuclear attack.

The survival capability of any shelter can be increased
dramatically by plans made and actions taken prior to
shelter occupancy. Establishing and maintaining a com-
munity shelter in a state of operational readiness is
more than just pr9curing supplies and equipment and
storing these in or near the shelter. Of at least equal
importance are the procedures for organizing and opera-
tiDg the shelter which can be developed in the form of
a shelter plan. The pre-¢ccupancy management plannhng
should be done by the shelter manager, working in con-
junction with local civil defense authorities.

The first step in this planning Is to determine what
survival capabilities the structure provides and what is
required to reach the desired level of survival capability.
It will then be necessary to determine the amount and
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kinds of supplies and enuipment which will be needed.
Once the supplies have been procured, it is necessary
to move them to the shelter and store them in or near
the shelter area. The decision as to where to locate
the supplies can be a crucial one since they should be
placed so that (a) they may be easily monitored and
inventoried, (b) they remain in good condition, (c) they
are safe from unauthorized use and (d) they can rapidly
be brought into the shelter (if they must be stored
outside !he shelter atea).

Once these first st.eps have been accomplished, consider-
ation can be given to orgrizing the shelter. The mini-
mum number of shelter managers and assistants necessary
to direct and control shelter operatio i will range froK
one person trained in shelter management for every 75
persons to be sheltered (in the case of 50-100 person
shelters) to one for every 375 persons ( in the case
of 5,000-10,000 person shelters.) Specific management
requirements will also depend on the shelter configura-
tion, status of supplies, availablity and competence of
the shelter leadership, and the shelter environment. In
a small shelter, successful completion of tasks may
require action only by a manager and a few assistants.
In large shelters, it may be necessary to organize a
number of teams, each with a specific responsibility.

A complete shelter management operations plan would
define:

1. How to distribute the population within the shel-
ter facility.

2. Eow to assume and maintain command of the shelter,
with special guidance prepared for the contingency
of an untrained shelter manager.

3. The resources of the shelter with instructions on
how to use them.

4. How to organize the shelter into core management
staff, task teams and community groups, indicating
the specific duties and responsibilities of each
position in the organization structure.

•. How to schedule and carry out shelter operations
and activities, indicating the activities that are
necessary and appropriate at different stages of
shelter occupancy.
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6. Possible emergencies in shelter, and how to cope
with tbem.

7. rreparati~n for exit and procedures for handling

temporary emergence and full-time exit from shel-
ter.

8. Procedures for communicating with shelter complex
headquarters, or the Emergency Operating Center.

It is apparent that the decisions made during this plan-
ning will be influenced and, in some cases, determined
by the features of design of the shelter facility. How-
ever the influence of the requirements for operation and
management on the design of the shelter cannot be defined
with any degree of precision. The almost limitless
variety of shelter sizes and configurations will permit
only generalization of the types of design techniques
which might be considered. A single-purpose shelter of
the degree of sophistication shown in Figure 12.1 will
allow features of design which would not be possible in
a dual-purpose shelter. Shelters located in existing
buildings, of coarse, allow no application of design.
Even in new buildings which are being slanted to include
shelter, limitations in budget and over-riding require-
ments for normal function severely limit what can be
done in the way of shelter design.

The design objectives for the mechanical system, as
established by the requirements for shelter operation
are closely interrelated with the design of the struc-
ture and layout of the shelter areas. In many cases it
will be impossible to consider them independently and,
consequently, the mechanical engineer must work closely
with the architect. It would be beneficial if both
had the con'sultation of someone trained in shelter plan-
ning and mantgerent. The person who will be the sheltei
manager would be the best choice but it wovdd be very
unusual fir the manager to be designated during the
design stages. An instructor of shelter management
courses might be the next most logical choice.

The design considerations can be discussed for some of
the possible shelter functions. There is no intent that
these headings comprise a complete list of functions
since some essential activities may have little or no
impact on the design.
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MANAGEMENT ACTIVITIEZ

There should be an area set aside for the use of the
manager and his staff. Preferably it should be parti-
tioned off from the rest of the shelter so that the
staff can perform their duties without interference
from the rest of the shelter occupants. The nature of
this area will derend on the size and layout of the
shelter. It -ay be a separate room or it might be as
simple as a %.orner partitioned off with stacks of suppl1
cases or a banging blanket. In buildings with shelter
areas on several floors or in different wings it might
be desirable to have a management center in each loca-
tion.

In buildings which might be equipped with an intercom-
munication system, the management area should be
located to include the central control of the system.
In any case, the area s-.)u)d be close to any communi-
cations facilities for 'ie shelter.

RADIOLOGICAL PROTECTION

The protection against fallout radiation is basically a
function of the building design but there' -re some im-
plications for the mechanical engineer alsL. The most
obvious requirement is that ventilation openings, ducts,
etc. do not disturb the shielding integrity. The loca-
tion of windows, doors and other openings should be
planned not only to provide the necessary radiation
barriers but also to permit circulation of air in the
shelter, to admit outblde air or to exhaust air from
the shelter.

The requirements for shielding are often not compatible
with the movement of air. Windows may be blocked or
baffled to increase radiation protection and thereby
eliminate air. Baffle walls in front of doorways may
inhibit the flow of air. In these cases it may be
necessary to provide auxiliary air moving devices such
as punka!i pumps or portable fans to augment the natural
air flow.

A shelter planner may wish tc consider areas with a
lower protection factor for possible auxiliary uses
such as storage of supplies or a storage area +or used
waste containers. In this case, it may be necessary
to provide lights and at least minimal ventilation.
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AUXILIARY POWER

It has already been discussed that an auxiliary power
s-,stem would be very desirable to provide power for lights,
ventilation blowers c.r air conditioning, puAps, communi-
cations equ4 pment an:d possibly even beating and refrig-
eration of food. The design requirements have been coý-
vered in Chapter VII.

From the standpoint of operation of the shelter, the
design objective would be to facilitate the operation
and maintenance of the system. The power enclosure
should be separated from the shelter in order to pre-
vent heat and fumet; gaasrated from entering the occupied
space and Lo reduce nel'ie in the shelter. It should
be easily accessible f,'m the shelter and provide a
reasonable degree of rzwiation shielding for the pro-
tection of maintenance personnel. The design must pro-
vide for adequate air for combustion and cooling of the
equipment as well as for ventilation of the space.

The necessary operating ýnd repair instructions, to-
gether with spare parts oad tools should be stored with
the equipment and protected from deterioration and
pilferage. A locker or tool box which can be locked
and cannot be removed should be provided to store
these items.

To facilitate operation and maintenance, it would be
helpful if color coding were used on piping and conduit.
Fuses and circuit breakers should be clearly marked to
show which circuits they service. Switches and other
controls should be labeled as to their function.

When operating on auxiliary power, it may be necessary
to use sequential starting of electric motors or to
shut down other equipment when starting a large motor,
in order to avoid overloading the power supply. In
this case, appropriate instructions and precautions
should be posted next to the controls.

Transfer switches to convert from normal to emergency
power would, of course, be necessary and should be pro-
vided with locking devices so that they can be locked
off when on normal power. Any services operating on
normal power but which would not be used on auxiliary
power should have lock-out devices provided on the con-
trols or be interlocked with the transfer swi4.ches.
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Operating and maintenance manuals for all equipment
should be provided. An extza set of manuals might be
included with shelter managers supplies in case the
ones nor-ml3ly used are misplaced or lost. The nreces-
sary spare parts and tools should op provided also for
maintenance and repair.

In shelter design, the possibility of having to use a
manually powered system such as the Ventilation 7RI
should be considered. An exhaust opening should be
provided so that the bicycle driven fan can be set up
without excessive runs of plastic duct and openings
provided at logical points to give effective distri-
bution of fresh air. A layout of the best air flow
paths might be provided, to be included with the
information to be supplied to the shelter manager, with
possible methods of creating walls or barriers with
supply cartons, blankets or other materials to
channel the flow.

CONTROL OF THERMAL ENVITRONINT

There are several minagement functions which will affect
the thermal environment over which the designer has
little or no control. These would include physical
activity of the occupants, the method in which the
equipment is utilized, the use of open flames for cook-
ing, the humidity and odors produced by uncovered con-
tainers of water, wYvste disposal receptacles or garbage
avd control of smoking in the shelter.

It is necessary that the shelter management staff know
what equipment is available and how to use it to the
best advantage. If conversioL of a normal air supply
system to emergenry op6ration is necessary, complete
and detailed instru,.tions should be provided as well
as instructions for con-rolling or adjusting airflow
in various parts of the 6aelter, if this is possible
with the available system.

The shelter facility should be designed to take maxi-.
mum advantage of natural ventilation to supplement of
replace mechanical ventilation. Instructions and dia-
grams for the use of natural ventilation should be
provided since it is probable that the management staff
will not be knowledgeable in this area.

It would be desirable t- provide simple instruments
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for monitoring the therual e6-1yen• •c. as a sliUg
p -sychrometer, with innt.uctiors, • • ehart or tab!$e
of effective tzmperatures :s a lunct.ýin ýf dry bulb
and wet biulb ýirperatures. Instrumenta to monitor
oxygen and csrbon dioxide content of the a woud also
be useful.

WATER AND FCOODI SUPPLY

The amount and type of food supplied to the shelter
can have a significant effect on the control of the
thermal environsenz. If only the survival supplies
provtded in the NYSS stocking program are available,
the-e will be very little impact on the design of
the mechaticil systems. i this diet is supplemeatei
or replaced from other sources there can be effects
which must be taken into account.

If the food provided for the shelter requi7es cooking,
the additional heat and humidity must be considered in
the design of the ventilation system. The cooking area
should be close to the ventilation exhaust or separate
exhaust provisions be made to remove this additional
heat anr moisture. If, however, the cooked foods are
carried into the main shelter area, either for distri-
bution or by the occupants aiter distribution, an ad-
diticnal load will be imposed on the ventilation system.
This w,_ also increase the possibility of spillage or
deposit:--,- oi garbage throughout the shelier.

Thus it would :-,- Iesirable from 'he standpoint of both
ventilation an6 hiusekeepin& to have an eating area
Fev aside. This shouJd probably be adjacent to the
cnoking nrea to facilitate food distribution. Ventila-
tion air sse31ld flow from the eating area t3 the cooking
area and then be exhausted.

The type of food provided can effect the metabolism of
the occupants. With a more or less normal diet, h some-
what higher metabolic rate can be expected than would
occur with the austere diet provided in shelter supplies.
A diet high in protein, or salty foods, wouli increase
the water consumption.

If normal food supplies are to le provided, it may be
necessary to include refrigerated storage in the shelter.
This, of course, creates an additional requirement for
power. In any case, it would be desirable to provide,
if possible, a cool, dry space for food storage. This
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WOU16 htlp t;' jinihbit -_4;::T:1oration of the food, rustitg
of7 e±,iontainers, ana th& qlrowth of sold on fiber-

i.Gador pýperboard T area should be closc
to tifi food preparation and d :: areas ~
Provisiots should be made to proiez; ii- :tored foods from
pi If~e

Wait,.,- distribv~.ion in tria shelter may be fra= P central.
po,,5t or by trar,:[xrting containers thrcrugh -Zi

to c,2trry wzkt.r. to the o.-cupants, or a cozbination ins
these methods. -;anec-ting large containers througk

Scrowded si elter could be diff Icult a-'. 'h- poss-ihi
ity of spi!.±age would be increased but t'his vioii2i re,ýiire
the least physical activity sinlce only a few people waild
have to move about,

Distribution from a ceatt-,1 poirit would facilita-te
supervision and equitable diztribut.:.n of the water and
minimize wasta. How'ever, each person would have to move
to the distributioi point which could create traffic
problems and would raise the general level of activity,
and metabolic rate of the occupants. Under cnnditioas
of high effective temperature, when wý,!*er demand would
be greatest, this would impose an addi~tonal load on
thc* thermal control system.

If the water supply is entirely from water drums, it
would probably be best to set lip several fixed points of
distr-ibution. These could be determined in the pre-
occupancy planning, depending on the size and configur-
ation of the shelter. If, however, water is supplied
from a storage tank, or from trappe'i watcer, the dezijner

can facilitate the distribution by prozviding water out-
lets at several locatiorns in the F~elter area. These
should be spaced so as to minimize the amount of move-
czent required for the occupants to obtain water and at
the same time permit the management staff to exercise
suprevision of the distribution. These distribution
points can, of course, be set up for the distribution of
food as well as water.

LIGHTING

No special lighting level~s above those desig-ned for the
normal function of the space are required for fallout
shelters. At least minimum lighting will, however, beI
essential for shelter operation and some provision for
this could be considered in the shelter design and
operational plan.
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Gen~eral J shiz 'ould provide a bunzýicien1t leval of
"'Liluaira~4on for vio-,ezeiit about thL- --hi-ter~ perfiT-

~neof gmenral sheltzr tasks and reat_`ng, A highef
level- *f illunirtiqon. would be necessary 'L,*r rypecia-_'
ftnctionz s~cba as mediical treatment, readirtg lnstruc>-
:aents An~d equi1pmen- rni-nrzoa'nce. Emergency 11ightiag

psoA~bly battery operated, shavid be ~avz1.'ble in case

of failurs -of tbe Maiin system.

ReC.OMnended 1I ighting levels would range from ~-'- toot
c~andles in sleeping arcas up to about 25 foot candlezý
for mez-ical. týreatment and ecluipment maintenai;,ce. General
lighting shwyi)$ probably be ai~out 1.0 foot candl~es although
9"mevhat less, perbaps 5 foot ca~dies. wýDlld be acceptableI Ifor corridoza or othe-:r areas where all Ithat is required is
iliumi~nation for personnel znevemeat. At least 20 foot
candies shoul.d be p~rovided Ur reading !ad. admi"niitrati-ve

If u~lity power ~~savail.able it is
th~e existing lights liY th.? Zazi214' will, be zdequate
Rlthough spot 3lighting may bu required ltsr sonte 'nrZh

lights, "Wrotble "t.ights cr lamps coauid be used for ii-
purpose.

If it is nec~essary to use- an auxiliary power system,
all o-- only part of tChe normal lights may be connected,
depending on the power available and the lighting needs.
If all of the lights can be -used the sit-uation is not
particularly different from the normal conditions.
'When available power limits the number of lights which

can be connected it becomaes necessary to consider the
shelter application as a separate problem from %-he
normal lighting system.

A choice must11 be made between incandescent an.-flors
cent fixtures. There are advantages arid disadvantages
to each type. Tho incandescent lights are cheaper to
install and less sensitive to voltage fluctutations.
They can also be dimmed by 'ýaeostat control to reduce
illumination levels or tr, conserve power. Fluorescent
lights will require less pc~wer for a given light leveland
will, generate less t.eat than incandescent lamps. How-
ever~, the wiring, arnd equipment in~ more complex and more
expensive. Flu-,rescent lights are not subject to dimming
be rheostats.
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In general, fluorescent lights would be the beUtnrr
choice ic!r ohelter on the basils of lesser pov~r coz,
qumption and rediced heat generatio'n. They also prOo'..'o
a~T wih-toe~ from glare and shadows. it is
also quite pzbett,-t t14he normal lighting in publie
building3 will be of the 1I :-re'-cent type. In apartments
or other residential1-ty ipe ztzect~re-: it ts more likely
to find incandrýscent I ixtursx. Th. n da-u-
shelters, the c~emay bo dvrir~Ly the norzal
use izctallatie'i. 'An buildings% being s*'Untz-d t(., include
ahelter, however, the shelter rejruireinent hzl ifrlaUence
the choice oi rorrmi1 use fixtureg.

It should not be overlooked that, the shelter opertions
may require lights 1z space3 wiare they' are not nortitt1l"
installed or a higher level of illuminati-an than is
needed for normal use. This may include etorage or

but shich way be principal shelter --reaý zider emergen(7

conditions. Corridor 1..ghtiag is quite z:iten providedI ~at a relatively low level but thie corridors in a bul2.iing,
may i tebest protected soace fc shelter.

The control oi illumination in a shelter may require
special. planning of the circuits and sw~itches. If
only part ef the lights can be operated by auxilfary
power these should be on a separate cir%-uit -nonnnected
to the power source by a -transfer switch. Thi.: switch

should also -Ji~connect the lights which are not to be
,ized, Tf this separate circuit is not provided, pawer
consumption can be reduced by loosening bulbs coc tubes
in their sockets but there is still the possibility
that the shelter occupants will tighten the bulbs to
get more iight and overload the power system. The buibs
could, of coi-rse, be raimo-ved completely to prevent this.

It w'.ul- also be desirable t,, pr vide foxt variation in
illumination levels during shelter operation. Dul'ne
daylight hours thare may be enough light infiltrating
to the shelter area to per:,iit turning of f part of the
lignts. It would be desirable to be able to red~uce
itiluxi~nation i~n sleEc2ing areas *wýhie-h may be used only
part of the time for sleep.Ing arid for other purposes
during the rest of the time. Iti some shelters it may
be necessary for occupants to sleep I~n shifts and the
sleepin~g area would remain at a low level of light all
the time.
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It 1vould be posaible to control illumination by lDe~en-
is* the bulbs or tubes a3 rsiuirer. but it ?uld be
.ettrir to Provide separate circuits with separate
switches t. activate the required portions of the

When only of the ri sytem is to be used for

shelter lighti:,- there is probtbl- UiZTe need Lz stock
spare lizht bulbs or rubes. T71:se can cý rvývd f-om
unused iJ!ures to replace burned lut lights, _
they are the same size and type. If it-, entire nok3l
systea is to be. used, some spare bulb- shozld be stocked
although a few inoperative lights may not be ol critical
importance. In a single-purpose shelter, it couLd !'e
assumed that all of he installed lights are needed and,
therefore, spare bulbs or tubes should be stocked.

It has already b• ente7d that higher intensity
light can be provided at spots where needed by the use
of portable spot lighLs, trouble lights or lamps. It

will, however, be necessary to provide appropriate
electrical outlets and these should be connected to the
auxiliary power source, if one is to be used. Extension
cords may also be required to locate the light where it
is needed.

Emergency' back-up lighting is needed in case ef power
failure. Many places of public gathering, such as
theaters and stores, are already equipped with battery-
powered imergency lights. If these are installed, they
may be deficient for shelter use. However, it would
probably be better to supplement themr with portable
flashlights ond lanterns powered by dry-cell batteries.
In shelter areas without installed emergency lighting,
the flashlights and lanterns would be essential.

Other types of emergency lights, such as gasoline or
kerosene lanterns or propane gas lights, might be
considered but these are combustion devices which add
heat and hu1aidity to the atmosphere. Thiy are also
a fire hazard both in operation and rirom the fuel stor-
age. During operation in a crowded shelter, they could
cause burn injuries to the occupants.

Dry-cell batteries for use ii tne flashlights and lan-
terns have a relatively short shelf-life although the
newer mercury cells and nickel-cadmium batteries will

last longer or; the shelf or in operation than theii standard batteries.
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MEDICAL FUNCTIONS

rhe extent of the medical function in a shelter will
depend on the personnel, facilities and supplies avail-
atlie. The basic objectives of medical treatment in the
ý;heltt are to treat injuries and the symptoms of ill-
nzess, to reduce pain, and to prevent the spread of
c!municable disease.

With the lack of professional medical personnel and
limited supply of medicines and drugs, in most shelters
it will not be possible to cure illnessce or serious
injuries. It will be possible only to provide first
aid treatmen t for injuries and simple medication for the
cymptoms of disease. Beyond this it would be possible
to do little more than reduce pain and try to keep the
patient as comfortable as possible. Of major importance,
however, would be the prevention of the spread of contagi-ous diseases in the shelter.

An :ýrea should be set aside in the shelter for medical
treatment. It should be closed off from the rest of
the shelter, preferably in a separate room, but at
least by an iprQvised partition. This will give some
privacy for diagz:isi and treatment. An adjoining
area, isolated from t'Q rest of the shelter, shoi; Q,
eet up for patients witi, contagious illnesses. A 2.ui-
tatio area should be set up near the medical are.. to
allow for tbe disposal of medical wastes and bef-,4se
the sick and injured are likely to have more e;&nsive
need of the sanitary facilities. Obviously •;•is area
should not be close to the food preparation anI distri-
bution areas.

The standards of Cleanliness and disinfection in the
medical area shoula be mnt±zxiained as high as possible.
This is another reason for separating it from the rest
of the shelter since experiernce in shelter tests indi-
cates that the cleanliness in the shelter will be much
less than the normal conditions to which people are
acCustomed. Noise levels in the shelter will also be
high and it would be desirable to isolate the sick and
injured fr: this noise as much as possible.

It has alread; been in,,:':toned that a higher level of
illumination would be needed i4n the medical treatment
area. However, a lower level may be best in the patient
care area so that patients can more easily rest or sleep.
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-n - r z' keep the sick patients as comfortable as
p bas jt would be desirable to provide more venti-
. atioan ;r v s area or locate it in the most favorable
2tre• frcrn the standpoint " thermal control. It would
be -cossary thaPt air frct this area not be circulated
te the rest of the sheltc in order to help prevent
the sprea• 'i jir-brrne, disease-causing organisms.

-A.NITVriOW

Snanitatton rýquirements and systems were discussed in
Chapit-.er 7. Stere are, however, some additional aspects
9to be czns4.dered from the operational viewpoint.

The tot'at facilities should be located away from the
1 .vir-2 quarters, if at all possible. Under any circum-
arc• arrangements should be made to shield the toilet

. rc from public view and provide as much privacy as
poseible. Separate facilities for men and women sitould
Sre set up if conditions and shelter configuration permit.

"If the sanitation drums are used they can be set up
in any location which seems to be appropriate. Howeyer,
they are difficult to move when filled and consiquently
the sanitation area would best be located near an exitto the area where the filled drums will be stored.

In order to reduce odors and possible spread of con-
tamination air from the sanitation arei not be
circulated to the shelter living spaces. Therefore,
this area should be near the ventilation exhaust. It
may be possible to exhaust air through the same exit.
which is used to dispose of the filled drums.

The toilets should, of course, be as far away as possible

from the food and water storage and food handling areas.

FIRE PROTECTION

In any area of human habitation, fire hazards exist and
a fire in the shelter is a possibility which must be
considered. Fires may result from smoking, electrical
equipment, cooking devices or other open flames, or
from spontaneous combustion. If a fire should occur,
the occupants of the shelter cannot leave to escape
it and consequently, provision must be made to prevent
fires from starting and to extinguish any which might
start.
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The prevention of fire is partly a function of the
shelter design and partly a matter of management and
good housekeeping practices. Precautionary measures
which can be taken in the design and construction of
the shelter might include the use of non-flammable
and fire-retardant paints and finishes, avoiding the
use of combustible wall boards, acoustical tile,etc.,
using fabrics treated to resist fire, installation of
electrical equipment in accordance with good practice
and provision of explosion-proof motors and controls
in areas where flammable vapors or dust might occur,
location of fuel storage tanks so that vapors will not
enter the shelter and similar techniques. Most of
these are well established practices and are provided
for in most fire codes.

The management procedures and housekeeping practices
are also well known and can be found in standard refer-
ence works on fire protection. Their implementation
is principally a matter of training of the management
staff and enforcement of the practices in the shelter.

If a fire should start in the shelter, early detection
will be imperative if the fire is to be controlled and
extinguished. Fire detection instruments, such as
heat sensors, smoke detectors or gas analyzers, may be
available in some buildings which contain shelter areas.
However, in most cases, they will not be available and
their high cost probably could not be justified if they
were to be installed for shelter use alone. Therefore,
the principal method of detection would be by personal
observation by the occupants.

It is difficult to conceive of a fire remaining unde-
tected for very long in a crowded shelter. It is
possible, however, that a fire could start in a storage
area or equipment room which would be unoccupied. It
might also start in a part of the building not being
used for shelter. Therefore, one of the responsibili-
ties of the shelter manager should be to establish a
24-hour fire watch in the shelter.

Tf a fire should occur it will be essential that facil-
ities bc at hand to effectively extinguish it. Water
is the most common extinguishing agent but it probably
should not be used for fire fighting because it may be
in short supply and is essential for survival of the
shelter occupants. In fact, one important source of
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trapped water in a building may be the fire sprinkler
system or other fire control system. It would be
possible to use waste water or non-potable water for
fire-fighting, if it is available. If there is no
other method available, the potable water supply would
have to be used since there would be no point in saving
water if the shelter burned.

Standard types of hand fire extinguishers may be pro-
vided; in fact, they may be installed for normal operation
of the buildings. There are limitations in their effect-
iveness, however, and precautions in their use which
must be observed. The common soda-acid type uses water
as the extinguishing agent and would be effective against
paper, wood, or trash fires. It is useless on burning
oil or gasoline and could be fatal if one tried to use
it on an electrical fire, unless the electric current
were turned off first, since the water-acid stream is
electrically conductive.

Chemical foam extinguishers are effective against
burning hydrocarbons and also Pgainst wood and paper
fires. They should not be used on electrical fires
for the same reason that the soda-acid type should not
be used. The foam residue would be very difficult to
clean up without plenty of water and cleaning agents.

Vaporizing liquid extinguishers, such as carbon tetr-
chloride, are effective against electrical fires and
moderately effective against other types but they should
never be used in a closed shelter. Carbon totrachloride
vapors are toxic and in eontact with the heat of a fire
will generate other toxic gases such as chlorine and
phosgene.

Carbon dioxide and dry chemical extinguishers are
effective against almost all types of fires and are
safe to use in well ventilated spaces. In a small
room or underventilated space, they could be dangerous
because of the large amounts of carbon dioxide released.
In a confined space this could cause suffocation. The
increased carbon dioxide content in the shelter air
might cause temporary discomfort but if there 4 ade-
quate ventilation, it should not be dangerous.

Sand or earth may be stored in buckets for use on fires.
They would be effective in smothering a fire if suffi-
cient quantities are available and if the fire is on a
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horizonta' surface. They would be ineffective on an
irrcgular or vertical surface. Sand, of course, could
cause serious damage if used on machinery.

Blankets, rugs, coats or similar heavy fabrics can be
used to smother or beat our a small fire. especially
if they are dampened. A dampened broom may also be used.
These could be quite effective if the fire is detected
early.

It is apparent that there is no one fire extinguisher
or extinguishing agent which would be effective on all
types of fires and safe for use under all conditions.
The soda-acid type would be relatively safe to use in
a shelter and might be provided in areas where only
paper or trash fires are likely to occur. In areas
where electrical or flammable liquid fires might occur,
the dry chemical extinguisher might be the best choice
in spite of the carbon dioxide hazard. Dampened blan-
kets should probably be tried first on small fires before
any other extinguishers are used.

COMMUNICATIONS

It will be necessary to provide for communications both
within the shelter and outside the shelter. In a large
shelter, an intercommunication system would be very
desirable if one is installed in the building and power
is available. This might be either of the loud speaker
or telephone type. Lacking this, battery-operated or
sound-powered telephones, a portable loud speaker
system, or walkie-talkies could be provided. A battiry
powered megaphone would also be a possibility. In
some cases, U2owever, it may be necessary to rely on
messengers to communicate with various parts of a large
shelter.

With the wide use of portable, transistor radios in

modern society, it is very probable that many shelterees
would bring radios with them into the shelter. These
could be used to receive communications from the Emer-
gency Broadcast System, (EBS). This system will keep
the public informed of radiation levels, post-attack
conditions, pitential danger areas, directions from
emergency control centers and other essential information.
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Two-way comiunications would be desirable with civil
defense control centers for reporting information on
radiation levels or emergency conditions and receiving
information and advice. It would also be helpful to
be able to exchange lists of occupants with other
shelters, through the control center, to help people
locate other members of their families who might be
separated from them. This two-way communication might
be by radio, by wire, or by protected telepnone linrzs.

If communication is to be by radio, it will be necessary

to provide an outside antenna and appropriate lead-in
wires. Indoor or built-in antenna systems could be
ineffective because of the shielding effect of the shelter
szructure.

HOUSEKEEPING

One of the problems in the shelter will be the control
of dirt and debris. The shelter facility should,
therefore, be designed to be as kasy tn keep clean as
poaibiue. Concrete floors should be sealed and painted
to prevent dusting and facilitate sweeping. Furniture
and equipeent should be painted or the surface sealed
for the same reason.

Essential cleaning equipment such as brooms and mops
should be provided as should rags, paper towels, and
other supplies. Consideration might be given to provid-
ing a commercial sweeping compound to aid in holding
down dust during sweeping operations. The types of
equipment and supplies, the amount required, and the
storage locations in the shelter will be determined by the
size and layout of the facility.

Industrial organizations for many years have used paint
and color to provide a more cheerful work environment
and to improve plant housekeeping, The same techniques
could be applied to P 3helter to make the shelter appear
more livabl and encoura~e the occupants to keep it
clean. The technique of painting a white circle at
the corners of the floor has been found to be effective
in preventing the accumulation of dirt since the dirt
becomes highly visible and is therefore cleaned up.

The red, yellow and orange colors should not be used
on walls, ceilings, or floors since these colo:-s tend
to make people feel hot regardless of the temperature.
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Blue, green and colors in between should be used in-
stead since these are "cool" colors. Walls which are
lighter color at the top than at the bottom and light
colored ceilings give the illusion of more space. Light
colored walls appear to recede or be farther away than
do dark colors. Color accents in tie furniture or equipment
help to make the space more "livable". The use of
"battleship" grey, olive drab, or plain white should
probably be avoided since these are associated in the
minds of most people with institutional living or con-
finement.

Since most surfaces and equipment in a shelter should
be painted for preservation and necessary maintenance
there is very little additional cost involved in painting
for the psychological effect. Commercial and industrial
designers use these techniques all the time and there
appears to be no reason why they should not be applied
to shelter design.

In considering the various planning and design techniqaes
which might be applied to a shelter, it is evident tuat
all of them cannot be used in any one facility. Indeed,
some of them are mutually exclusive.

It was mentioned that medical treatment areas should be
located near the ventilation exhaust and should have
the most favorable effective temperature. But with a
series flow of ventilation air, the area next to the
exhaust outlet would have the highest effective temper-
ature. Although series flow will normally provide the
best conditions for the greatest portion of the shelter,
a compromise may be necessary in the case of medical
areas.

In discussing food cooking areas and toilet areas, as
well as medical areas, it was pointed out that ventila-
tion air should be exhausted from them without circula-
ting to the shelter. Yet it was also stated that toilet
areas should be located as far as possible from food
preparation. This obviously can create a design con-
flict and the designer or planner may be required to
make a choice. Since air is exhausted from the toilet
areas and medical treatment areas to prevent the spread
of diseas-e as well as odors, it may be better to take
care of this requirement first. This may require elim-
ination of cooking, ii the heat and moisture cannot
be tolerated in the shelter, or limiting cooking to
such times as the shelter conditions will allow it.
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Similar conflict and the need for compromise can and
will occur in other areas of shelter planning and
design.

The success or failure of the shelter, and the survival
of the occupants, will depend to a large extent on the
ability, training, leadership, wisdom and dedication
of the shelter manager and his staff. They will carry
an awesome responsibility and deserve to be provided
with a shelter structure and systems which are as safe,
reliable and habitable as can be devised by the ability
and ingenuity of the architects and engineers who design
them.

1
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